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ABSTRACT
Filter feeding bivalve molluscan shellfish concentrate and retain human 
microbial pathogens derived from sewage contamination of their growing 
waters. They can then present a health risk when consumed raw or lightly 
cooked. In the UK the main pathogens of concern are the unculturable 
Norwalk-like viruses (NLVs). Past difficulties in detecting these viruses in 
shellfish has impeded development of control measures. Methods such as 
single- round PCR had inadequate sensitivity for routine detection of low 
levels of NLVs present in shellfish, and thus the overall aim of this project was 
to develop more sensitive methodology and to apply this to the investigation 
of viral contamination of harvesting areas and shellfish related illness. This 
objective required the development of post-PCR virus genome sequencing 
strategies to identify and categorize NLV strains polluting shellfish.
The new methods were successfully used to detect NLVs in shellfish both pre 
and post depuration, to characterise the virus strains occurring in a polluted 
harvesting area and to show how NLVs behaved during the depuration 
process. Finally, these tools were used to investigate a large shellfish 
associated outbreak of viral gastro-enteritis. This identified the same NLV 
strain in both faecal material and shellfish samples and was the first definitive 
linkage of clinical material and shellfish. Moreover during this outbreak 
enteroviruses were also identified in both shellfish and faecal samples and 
this is the first report of an epidemiological link between enterovirus 
contamination in shellfish and enterovirus infection in shellfish consumers
Virus monitoring of shellfish harvesting areas using RT-PCR is a novel 
approach to combat the transmission of NLVs by molluscan shellfish, and 
could lead to better protection for consumers of bivalve shellfish. These 
developments also open up a number of avenues for future research work.
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CHAPTER 1
BIVALVE MOLLUSCS AND FOOD BORNE DISEASE
1.1 INTRODUCTION
The consumption of bivalve molluscan shellfish has long been associated 
with the potential for transmission of infectious disease. Bivalves (such as 
oysters, mussels, cockles, and clams) are filter feeders that can concentrate 
and retain microbial pathogens derived from their growing waters. They are 
commonly grown in shallow inshore estuaries, where nutrient levels are high 
and the waters sheltered. This further compounds the problem, as these 
inshore waters are frequently contaminated with human sewage, and 
traditional consumption of shellfish as raw or lightly cooked meat accentuates 
the problem. Consequently bivalve molluscs, particularly oysters, are often 
implicated in outbreaks of food-borne infection.
Shellfish have been eaten since Roman times; indeed it has been suggested 
that the oysters of Essex tempted Julius Caesar to cross to Britain in search 
of pearls (Neild, 1995). However, it was not until the end of the 19th Century 
that health concerns were raised concerning the consumption of sewage- 
polluted shellfish, worldwide. The French physician Pasquier described 
typhoid fever in a group of people who had consumed oysters harvested from 
a sewage contaminated coastal area as early as 1816, more than 40 years 
before Pasteur advanced his germ theory of disease (Pasquier, 1818). In 
1879, Sir Cameron of Dublin presented a landmark report to members of the 
British Medical Association in which he suggested that outbreaks of enteric 
fever were due to the consumption of oysters from sewage contaminated 
river estuaries. Although his observations were supported by bacteriological 
data, his theory was dismissed as farcical and it was not until the latter part of 
the 19th century that an association was shown between the consumption of 
sewage-contaminated shellfish and infectious disease. Scientific evidence 
that sewage pollution of shellfish resulted in enteric disease gained ground 
with the publication of an extensive study of the shellfish industry in England 
(Bulstrode et al., 1896) which found that a common practice was to lay 
oysters near the mouths of rivers to increase their size. These harvesting 
sites were often situated near urban populations. The recent introduction of
central collection and estuarine disposai of raw sewage from large towns 
resulted in the exposure of shellfish to raw sewage.
Outbreaks of shellfish-associated typhoid fever continued to be reported in 
England (Newsholme, 1896), in the South of France (Herdman, 1899), and in 
the USA. In 1902, an outbreak of oyster and clam-associated typhoid fever 
was documented in Atlantic City, New Jersey (Marvel, 1902). The largest 
molluscan shellfish-borne outbreak of typhoid fever in the USA was in 1924- 
1925. Across the nation 1,500 people were infected and over 150 died. 
Nearly 80% of cases reported eating raw oysters (Rippey, 1994b). This 
outbreak resulted in the formulation of hygienic control measures regulating 
the production of shellfish in the USA and the establishment of a National 
Shellfish Sanitation Programme (see Section 1.4). In the same year there 
was an equally dramatic typhoid outbreak in Britain. Oysters were served at 
two separate Mayoral Balls in Winchester and Southampton. A large 
proportion of the guests at both suffered illness, and a few subsequently 
died. Epidemiological evidence showed that oysters were the vehicles of 
infection (Bulstrode et al., 1896). Incidents such as the above, convinced 
health officials of the linkage between sewage pollution and enteric illness 
and by the turn of the century the theory advanced by Sir Cameron in 1879 
was widely accepted by health officials in Europe.
1.1.1 Early research into contamination of shellfish
In 1895, Foote was one of the first investigators to show, under laboratory 
conditions, that oysters would accumulate typhoid bacilli when placed in 
seawater contaminated with these microbes. He also isolated typhoid bacilli 
from oysters growing in sewage-polluted waters in field studies. Thus Foote 
concluded that the shellfish absorbed these microorganisms from the 
surrounding seawater during feeding. These findings were confirmed in 1896 
during a similar series of studies (Herdman, 1899). It was also shown that 
the typhoid bacillus may be retained in the stomach of an oyster and cause 
typhoid fever if consumed raw (Allen, 1899).
other workers demonstrated that oysters and clams exposed to polluted 
waters not only readily ingest bacteria, but also concentrated them to levels 
higher than that of the surrounding water (Kelly and Arkisz, 1954; Arkisz and 
Kelly, 1955). These studies provided convincing laboratory evidence of the 
role of shellfish in the sewage-polluted transmission of typhoid fever illness.
1.1.2 The introduction of controls on sewage.
The accumulation of scientific evidence and public awareness of oyster 
associated outbreaks resulted in the investigation of methods to purify 
contaminated shellfish and the gradual introduction of hygiene controls. 
Efficient removal of coliform organisms from sewage contaminated oysters 
by relaying them in clean water was demonstrated in 1911 in the USA 
(Phelps, 1911). Similar work was carried out in the UK using mussels and 
found that relaying contaminated shellfish in clean seawater for 72 hours 
achieved a 99.6% reduction in their content of sewage bacteria (Johnstone, 
1914). This author also investigated on a seawater flow-through system for 
depuration or purification of mussels. This was reported to produce a 98.5% 
reduction of sewage bacteria in 96 hours. These findings prompted further 
research in the UK, which led to the development of re-circulating depuration 
systems for purifying mussels which were installed in Conwy, North Wales, 
as early as 1915 (Dodgson, 1928).
Following a National Conference on shellfish pollution in 1925, and aided by 
the results from this early research, the USA formulated a National Shellfish 
Sanitation Programme (Anon, 1925). This introduced the use of bacterial 
indicators, such as total and faecal conforms, to assess the potential for 
contamination by human pathogens in shellfish and their growing waters. It 
also introduced a classification system for shellfish growing areas. This 
Programme was very effective in reducing shellfish-associated typhoid 
cases. However, the typhoid bacillus was still the leading cause of shellfish- 
associated illness until the 1950’s, when non-specific gastro-enteritis
replaced typhoid as the prevalent malady in the US (Verber, 1984) (See 
Section 1.4).
In the UK a number of new depuration plants were opened following the 
launch of the first depuration tank at Conwy in 1916. The UK also introduced 
controls to restrict the source of shellfish harvesting to waters of known 
sanitary quality. The introduction of these control measures, improvements 
in the treatment of sewage waste, and better living conditions and hygiene in 
the community, resulted in a significant reduction in the incidence of shellfish- 
borne diseases attributable to pathogenic bacteria such as typhoid and 
cholera (reviewed in Sockett et al., 1985).
As the incidence of serious shellfish associated (potentially fatal) bacterial 
illness decreased, virus outbreaks became more obvious. During the 1950s 
and 1960’s there was a noticeable increase in hepatitis A both in Europe and 
the USA (Richards, 1985).
There were also many cases of diarrhoea and vomiting which were not 
attributable to the common agents of food poisoning such as Salmonella 
probably due to the introduction of routine depuration in the UK and 
developed countries. It was now becoming apparent that many of the cases 
of gastro-enteritis were viral in origin. Scientific attention has now largely 
switched to consideration of viruses in the absence of more serious bacterial 
infections such as typhoid.
Viruses will now be considered in more detail since contamination with 
viruses, in particular caliciviruses will form the main part of this thesis.
1.1.3 Human enteric viruses associated with shellfish
It has been estimated that as many as 100 types of viruses are present in 
human faeces and can be shed into domestic sewage (Sherwood and 
Thomson, 1953). These are mainly enteric viruses, which are a common
source of infection in the community. Enteric viruses can be defined as 
those, which enter the body via the oral route and infect the alimentary canal 
(gastro-intestinal tract). Enteric viruses multiply initially in the gut and are 
shed in the faeces at concentrations as high as 10® infectious units per gram. 
The common enteric viruses of concern lack a lipoprotein envelope, and are 
resistant to the acids, enzymes and other degradative agents present in the 
stomach and elsewhere in the intestinal tract. Enteric viruses are generally 
shed in large numbers in the faeces (Sobsey and Jaykus, 1991). Once these 
viruses enter sewage, and are subsequently discharged into the marine 
environment, many are able to survive for long periods (Gantzer et al., 1998; 
Nasser and Oman, 1999). Hepatitis A for example, can survive for more than 
a month (Callahan et al., 1995). Enteric viruses may be transmitted via 
drinking water, bathing waters (Wyn-Jones et a/.,2000) and foods 
(particularly bivalve molluscan shellfish) that have been contaminated with 
sewage or other sources of human faeces.
The enteric viruses of major concern in the UK include the enteroviruses 
(poliovirus, coxsackie virus and echovirus), hepatitis A, rotavirus, astrovirus, 
adenovirus, parvovirus, Norwalk-like and Sapporo-like viruses. Infection with 
some of these viruses is invariably localised in the gut but some others, 
including hepatitis A, produce generalised or systemic disease. Localised 
gastrointestinal infections by some of these enteric viruses are frequently 
asymptomatic (Sobsey and Jaykus, 1991).
1.2 HUMAN ENTERIC VIRUSES
1.2.1 Hepatitis viruses
1.2.1. 1_____ Hepatitis A Virus
Hepatitis A virus (HAV), formally classified as enterovirus 72, is now the only 
member of the genus Hepatovirus in the family Picornaviridae. HAV is a 
non-enveloped icosahedral virion, 27-28 nm in diameter, containing single 
stranded, positive sense RNA, three major capsid polypeptides (VP-1, VP2 
and VP-3) and a fourth capsid polypeptide (VP-4). Like other enteroviruses, 
HAV has a buoyant density in CsCI of 1.33-1.34 g/ml and a sediment 
coefficient of 156S to 160S (Gust and Feinstone, 1988; Hadler, 1989; 
Hollinger and Ticehurst, 1990). HAV, like the other enteroviruses, is stable at 
pH 3 and resistant to inactivation by organic solvents such as ether, 
chloroform, and fluorocarbons. However, HAV is more stable at elevated 
temperatures than most other enteroviruses. HAV is stable at 60°C for one 
hour and temperatures of 85°C are necessary to destroy infectivity (Parry, 
1984; Siegl et al., 1984). At room temperature or lower, the virus remains 
infectious for several weeks, even under desiccating conditions (Sobsey et 
al., 1988).
HAV could not be cultured in the laboratory until 1979, when the virus was 
finally propagated in primary marmoset liver cells and foetal rhesus kidney 
cell cultures (Provost, 1979). Lack of visible cytopathic effects and late 
appearance of viral antigen post-infection necessitated the development of 
assays such as the radioimmunofocus assay (RIFA) for the determination of 
virus titre in cell culture (Lemon and Binn, 1983). More recently, cytopathic 
variants of HAV have been isolated in cell culture (Cromeans et al., 1987) 
which facilitated development of infectivity assays allowing experimental 
determination of, for instance, survival times (Callahan et al., 1995). The 
RNA genome of HAV was cloned in 1983 (Beard and Lemon, 1999) and the 
first full-length nucleotide sequences of HAVs were reported in 1987 (Cohen 
et al., 1987; Cohen et al., 1987b). Cohen et al reported the first infectious
cDNA clone of HAV in 1988. All HAV strains recovered from humans are 
closely related genetically but four distinct human HAV genotypes can be 
identified, each of which differs from the others in sequence at >15% of base 
positions within the genome segment spanning the 1D/2A junction (Beard 
and Lemon, 1999).
Unlike hepatitis B and hepatitis C viruses, HAV causes only acute hepatitis 
and has never been unequivocally associated with chronic disease or 
persistent infection. The disease manifestations of HAV infection are limited 
almost exclusively to the liver. The incubation period of hepatitis A is 
approximately 4 weeks, with a range of perhaps 2-6 weeks. During the 
incubation period, virus replicates in the lining of the gut. It is then 
transferred to the blood stream and carried to the liver. HAV attacks the cells 
in the liver but there is little or no cell damage (Crocci et al., 1999). A person 
suffering from HAV may show 10^  viruses per gram of faeces during the 
incubation period despite the absence of symptoms. This is particularly the 
case near the end of the incubation period at about two weeks before the 
onset of jaundice, and viral shedding may persist for several weeks after the 
onset of symptoms (Hollinger and Ticehurst, 1990). Disease is typically 
abrupt in onset with symptoms of malaise, fever, and jaundice. Although the 
disease has a low mortality rate it is far worse in adults who may be 
incapacitated for many weeks.
HAV infection is particularly common in conditions of poor sanitation and 
overcrowding (Zuckerman, 1990). This is clearly related to the major mode 
of virus transmission, which is faecal-oral. HAV infection confers lifelong 
immunity and in underdeveloped countries with poor sanitation and crowded 
living conditions sero-epidemiology studies have shown that almost all 
members of society become infected within the first 5 years of life. High 
proportions of all infections with HAV are silent, the main determinant being 
the age at which infection occurs (Gust and Feinstone, 1988). However, in 
developed countries, improvements in sanitation and hygiene have resulted 
in a decreasing incidence of infection leading to lower antibody prevalence 
rates among adults who would therefore be susceptible if exposed to the
virus (Melnick, 1995). The low incidence of hepatitis A in the UK in recent 
years has resulted in a largely susceptible adult population.
Infectious hepatitis, caused by hepatitis A virus, is perhaps the most serious 
viral illness transmitted by the consumption of raw or improperly cooked 
contaminated shellfish (Richards, 1985; Romalde et al., 1994). Although 
food-borne outbreaks caused by hepatitis A are currently rare in the UK, 
contaminated food, such as uncooked shellfish, could result in an epidemic of 
hepatitis A infection, in the future.
1.2.1.2 Hepatitis E Virus
HEV was provisionally classified in the Caliciviridae. However, the overall 
dissimilarity of the nucleotide sequences and genomic organisation indicates 
that HEV is phylogenetically distinct. Consequently, HEV has been removed 
from the Caliciviridae, and currently remains taxonomically unclassified in a 
provisional genus “Hepatitis E-like viruses” (Pringle, 1998).
HEV has been observed using EM on only one occasion. Most information 
has come from the virus like particles (VLPs) assembled from recombinant 
virus capsid proteins. Virus-like particles of HEV are spherical and non­
enveloped, with spikes and indentations on their surfaces that are distinct 
from the relatively smooth surface of picornaviruses. These surface features 
resemble those of caliciviruses and the Norwalk-like genus of gastro-enteritis 
viruses but are markedly less prominent (Cubitt et al., 1987). HEV has a 
single stranded polyadenylated RNA genome of approximately 7.5 kb in size. 
It has a 5’ non-structural, 3' structural genomic organisation. HEV is 20-30 
nm in size with a sedimentation coefficient of 183S, and buoyant density of 
1.29 g/ml\ It is sensitive to caesium chloride, freeze/thawing and pelleting 
by ultra centrifugation (Tam et al., 1999). These physiochemical properties 
of the virus are consistent with many well-characterised calici and calici-like 
viruses (Bradley, 1995). Four distinct isolates of HEV have now been 
completely sequenced, including the Burma (Myanmar) prototype strain (Tam 
etal., 1991), the Mexico isolate (Huang etal., 1992), an isolate from Pakistan
(Tsarev et al., 1992), and an isolate from China (Bi et al., 1993). Genomic 
sequence comparison suggests that these viral isolates fall into two genomic 
groups. The partial sequence from a recently identified US isolate 
(Schlauder et al., 1998) suggests the existence of a third genetic group of 
HEV viruses.
HEV enters the blood through the gastrointestinal tract and replicates in the 
liver (Ticehurst, 1991). The disease may be subclinical, acute or fulminant. 
The initial phase of illness typically lasts for 1-10 days with symptoms of 
nausea, vomiting, and stomach pains. A secondary phase may occur lasting 
for 15-40 days, and is accompanied by jaundice and darkened urine. 
Clinically, HEV is typically a self-limiting disease without progression to 
chronic illness. One of the most striking differences between hepatitis A and 
hepatitis E is the case fatality rate. Fatality due to HEV infection is 
particularly evident in pregnant women, especially in the third trimester 
(Purcell and Ticehurst, 1988). The mechanism by which fulminant hepatic 
failure is induced during pregnancy is unknown.
Hepatitis E is a worldwide public health problem (Yarbough, 1999). It is 
primarily associated with the ingestion of faecally contaminated drinking 
water. Hepatitis E was first documented in New Delhi, India, in 1955 when
29,000 cases of icteric hepatitis were identified following faecal 
contamination of the city’s drinking water. Cyclic outbreaks have been 
documented in the tropics of Asia and Africa (Bradley, 1995). In these 
endemic regions, hepatitis E continues to occur between epidemics in the 
form of sporadic hepatitis. In the disease-endemic countries of India, China, 
Sudan, Somalia, and Mexico, HEV is implicated in causing more than 50% of 
the sporadic cases of acute viral hepatitis. The source of sporadic hepatitis E 
virus in endemic regions is currently unknown, although recent demonstration 
of a novel virus in swine closely related to human hepatitis E virus (Meng et 
al., 1997) may have implications for zoonosis.
In parts of South America (Pujol et al., 1994; Hyams et al., 1996) and Europe 
(Zaaijer et al., 1993; Quironga et al., 1996), HEV has been shown to be the
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causative agent of sporadic acute hepatitis. Although HEV is not a prevalent 
infectious agent in the United States and Western Europe, the virus has been 
documented as a cause of infection among travellers to HEV-endemic 
regions (Yarbough, 1994). However, development of serological tests for 
both IgG and IgM anti-HEV antibodies has allowed a comprehensive sero- 
epidemiological survey of the distribution of HEV in the last few years. 
Cumulative data thus far suggest that hepatitis E may not be limited to 
endemic areas of the developing world (Tam et al., 1999;). Clinical cases of 
HEV infection when the patient has no history of travel to endemic regions 
have been reported in Western Europe (Tsarev, 1996). A recent finding of 
infectious HEV in sewage in a non-endemic country has raised concerns 
about the possibility of environmental contamination by HEV (Pina et al.,
1998). In the context of this project these findings have ramifications for the 
potential of shellfish to act as a HEV vector in non-endemic regions. There 
have been sporadic isolated cases reported in Mediterranean countries such 
as Italy, Spain, and Greece (Torne et al., 1988). Hepatitis E disease burden 
in non-endemic countries remains to be fully evaluated; however, limited 
seroprevalence studies of endemic and non endemic regions of the world 
suggest a strong correlation between level of sanitation and prevalence of 
HEV antibodies. Recent advances in HEV vaccine trials suggest that a 
suitable candidate vaccine will soon be available (Yarbough, 1999).
1.2.2. The viruses of Gastro-enteritis
1.2.2.1 Astrovirus
Astroviruses were first described in the late 1970s by two independent 
research groups using electron microscopy (EM) to study viruses in stool 
samples from young children with gastro-enteritis (Appleton and Higgins, 
1975; Madeley and Cosgrove, 1975; Scott et al., 1979). The name astrovirus 
(Madeley and Cosgrove, 1975) is derived from the characteristic five- or six- 
pointed star seen on some, but not all, particles (Astron [Greek]; a star). 
Astrovirus virions are non-enveloped particles with icosahedral symmetry, 
approximately 28 nm in diameter, with a smooth outer edge and the
11
characteristic star on some particles. They are positive sense single- 
stranded (ss) RNA viruses and have been classified within the newly 
established family Astroviridae (Monroe et ai, 1993). The family consists of 
a single genus Astrovirus, with human astrovirus type 1 (HAstV-1) as the 
type strain. The viral particles have a sedimentation coefficient of 160S and 
a buoyant density of 1.36-1.39 g/cm^. Astroviruses are resistant to treatment 
with organic solvents such as chloroform. The virus particles are relatively 
stable, being resistant to treatment at pH 3 and to incubation at 50°C for one 
hour (Monroe, 1999). A breakthrough in astrovirus research was achieved in 
1981 with the isolation of human astrovirus strains in primary cell lines (Lee 
and Kurtz, 1981) allowing the subsequent identification of virus serotypes. 
Later these viruses were cultured in continuous cell lines allowing their 
routine isolation all over the world (Willcocks etal., 1990).
Molecular characterisation of the virus followed development of routine 
methods for its culture in established cell lines (Pinto et al., 1995; Pinto et al., 
1994; Willcocks et al., 1994; Carter and Willcocks, 1996). There are seven 
serotypes of human astrovirus currently recognised (Lee and Kurtz, 1994) 
and a possible eighth has recently been identified (Carter and Willcocks, 
1996) (Marx et al., 1997). Astrovirus serotype 1 is the most prevalent 
serotype world-wide accounting for approximately half of all infections 
(Jonassen et al., 1995). Serotypes 2-5 are associated with approximately 
10% of the infections each, whereas types 6 and 7 are rarely identified 
(Monroe, 1999). Astroviruses are a major cause of enteritis in children world­
wide (Caul, 1996). By the age of 5 years, most children have had an episode 
of gastro-enteritis caused by astrovirus and between 90-100% of adults have 
antibodies to one or more astrovirus serotypes. Surveys of diarrhoeal 
aetiology indicate that while astroviruses may occasionally cause diarrhoea 
with severe dehydration, its clinical presentation is usually less severe than 
the diarrhoea caused by rotavirus (Mitchell et al., 1993). In two controlled 
studies involving some 3,000 children, it was shown that astroviruses were 
associated with gastro-enteritis more frequently than enteric adenoviruses, 
and with nearly half the frequency of rotaviruses (Herrmann et al., 1991)
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(Lew et al., 1991). In addition to young children, the elderly and immuno­
compromised are also at risk (Glass et al., 1996) from astrovirus gastro­
enteritis. Human astroviruses are distributed world-wide and infection has a 
distinct winter seasonality in temperate climates such as the UK (Monroe, 
1999) (Herrmann et al., 1991). Although the virus is spread by the faecal oral 
route, increased levels of sanitation appear not to have a major impact on 
transmission, since the rates of infection are the same for developing and 
developed countries (Monroe, 1999). Experimental infection of adult 
volunteers suggests that primary infection with astrovirus appears to confer 
long-term immunity and may protect against symptomatic infection by other 
serotypes (Kurtz, 1994). In the UK, antibodies to astroviruses were found in 
70% of older children and young adults (Wilson and Cubitt, 1988) (Kurtz and 
Lee, 1987). Antibody levels decline in the elderly, which may account for the 
increased risk of symptomatic infection in this group.
Astroviruses have been associated with outbreaks affecting adults as well as 
children (Oishi et al., 1994). Teachers or carers of ill children have also 
become ill in outbreaks in day-care centres and schools. This may be due to 
greater exposure or by a different route of infection (Glass et al., 1996). 
Adult infections may be also be associated with less common serotypes. 
The recent detection of infectious astrovirus in water (Pinto et al., 1996) 
shows the possibility of shellfish infections involving astroviruses. However, 
food and water-borne outbreaks are rarely reported (Cubitt, 1991). In oyster- 
associated outbreaks (Kurtz and Lee, 1987) (Yamashita et al., 1991), the 
direct epidemiological link is not well established. (Glass et al., 1996). In an 
oyster-associated outbreak involving 39 naval officers a mixed infection of 
astrovirus and NLVs occurred (Kurtz and Lee, 1987). The role of 
astroviruses as a cause of gastro-enteritis following the consumption of 
seafood is therefore unclear at the moment.
1.2.2.2 Adenovirus
Human adenoviruses possess a double-stranded non-segmented DNA linear 
genome and belong to the family Adenoviridae. Under the EM the
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adenovirus particle appears as a non-enveloped icosahedron with a diameter 
of 80 nm (Bishop, 1999). Spike-like projections are located at each vertex 
but are only visible through high-resolution micrography. The virus particle is 
stable to low pH, bile, and proteolytic enzymes and can replicate to high titres 
in the intestinal tract (Wadell, 1990). Human adenovirus serotypes are 
classified into six sub genera A-F on the basis of their structural internal 
polypeptides (Wadell, 1999) and the homology of the viral DNA genome (de 
Jong et al., 1983). Using hybridisation techniques, DNA restriction analysis 
and by nucleotide sequencing, the existence of the six sub genera can be 
confirmed. Each genus contains one or more serotypes (Bishop, 1999). 
There are at least 49 serotypes of human adenovirus but members 42 -49 
have only been seen in association with Human Immunodeficiency Virus 
(HIV). The enteric adenovirus Ad 40 and Ad 41 are the only members of 
subgenus F (Tiemessen and Nel, 1996). The enteric adenoviruses display 
the same morphology as other adenoviruses except that fibres of two 
alternating lengths can be seen to protrude from the vertices of the capsid of 
the enteric adenovirus particle (Wadell et al., 1994). The enteric 
adenoviruses differ from all other human adenoviruses by being “fastidious” 
i.e. they replicate poorly in cell culture (Madeley, 1987).
Infection with enteric adenoviruses Ad 40 and Ad 41 is followed by an 
incubation period of 8 days before symptoms emerge. These consist of 
diarrhoea, vomiting, moderately elevated temperature and dehydration in 
less than one-fifth of patients. These viruses are shed in large amounts (10^  ^
virus particles/g faeces) from children with diarrhoea (Wadell, 1990; Wadell,
1999). The diarrhoea is not as acute as that induced by rotavirus but the 
duration is significantly longer, lasting between 9-12 days. Ad 40 and Ad 41 
are associated with diarrhoea in infants and young children in developed 
countries (Uhnoo et al., 1984; Brandt et al., 1985) and are also endemic in 
many parts of the developing world (de Jong et al., 1983; Bern and Glass,
1994). Enteric adenoviruses are second only to rotavirus as a cause of 
infantile diarrhoea. (Wadell, 1999). In contrast to rotaviruses, enteric 
adenoviruses cause diarrhoea in children throughout the year (Wadell, 1990).
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Most children develop antibodies to these antigenically-related adenoviruses 
in their early years before the age of six (Shinozaki et al., 1987). A recent 
study showed that enteric adenoviruses were not found in healthy children, 
healthy adults or adults with diarrhoea, but only in children with diarrhoea 
(Tiemessen and Nel, 1996). This is in agreement with the fact that only 
infants and young children are susceptible to enteric infections by enteric 
adenoviruses, while adults remain largely immune.
As culture of the enteric adenovirus in the laboratory was difficult, especially 
Ad 40 (Brown et al., 1984; Chiba et al., 1983) other methods for their 
detection have been developed such as ELISA (de Jong et al., 1983), 
restriction enzyme analysis (Willcocks et al., 1988) and, more recently, by the 
polymerase chain reaction (PGR) (Allard et al., 1992; Allard et al., 1994; 
Tiemessen and Nel, 1996) and have resulted in valuable tools for use in 
epidemiological studies. Adenoviruses are frequently isolated from sewage, 
seawater and shellfish (Girones et al., 1995; Pina et al., 1998b; Vantarakis 
and Papapetropoulou, 1998) but outbreaks have not been associated with 
the consumption of shellfish. The lack of shellfish associated infections is (as 
with astroviruses) probably due to residual immunity resulting from childhood 
infection rather than the absence of these viruses in shellfish.
1.2.2.3 Rotavirus
Rotaviruses were first described in 1973 using electron microscopy (Bishop 
et al., 1973) and are classified with the reoviruses and orbiviruses in the 
family Reovlridae and contain a genome consisting of 11 segments of 
double-stranded RNA (dsRNA) enclosed in a triple layered protein. They are 
approximately 70 nm in diameter; non-enveloped with a smooth outer edge. 
Virions consist of a core containing the RNA genome and inner and outer 
capsids exhibiting icosahedral symmetry. The outer layer is frequently 
missing in particles found in stools. Only the complete “double shell” 
particles have been shown to be infective (Bishop, 1996). Rotaviruses are 
serologically subdivided into six distinct groups A-F. Only group A, B and C 
rotaviruses have been shown to infect humans (Bishop, 1996). Viruses of
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groups D, E and F have only been found in animals. Group A causes the 
majority of human infections studied (Bishop, 1999) and are further classified 
into G and P types based on identification of antigens on the outer capsid 
proteins VP7 and VP4, respectively. Most severe infections in young 
children are caused by serotypes G1-4. (Bishop, 1996) and during the last 
two decades G1 appears to be the dominant type worldwide.
Rotaviruses are spread by the faecal-oral route, with aerosol formation 
leading to contamination of surfaces and infection via the Gl tract contributing 
to the rapid spread of infection (Sattar and Ijaz, 1988). This is particularly 
apparent within closed areas, such as homes or hospital wards. These 
viruses survive well on contaminated hands (Ansari et al., 1988), in tap water 
(Sattar et al., 1984), and in sewage (Hejkal et al., 1984) and are resistant to 
inactivation by both low pH and high pH (Gerba etal., 1996).
Group A Rotaviruses have since been shown to be the single most important 
cause of infantile gastro-enteritis world-wide with mortality estimates ranging 
from four to five million persons annually (Bern and Glass, 1994; Bishop, 
1996) and are responsible for between 35% and 50% of acute diarrhoea 
illness that requiring hospitalisation (Shaw, 1990). Infection generally confers 
long-term immunity to serious gastro-enteritis but asymptomatic or minimally 
symptomatic re-infection can occur throughout adult life (Bishop, 1996). 
Rotavirus gastro-enteritis has been observed in elderly residents of nursing 
homes with several fatalities reported, but these viruses do not appear to be 
a major cause of morbidity in adults (Kapikian, 1996). Other adults at risk are 
transplant patients receiving immunosuppressant regimes and other 
immunocompromised individuals such as cancer patients receiving 
chemotherapy (Gerba et al., 1996). The resistance to clinical symptoms 
observed in older children and adults is probably due to active immunity, 
reinforced by repeated infection with group A rotavirus throughout life 
(Bishop, 1996).
In comparison with group A rotavirus, infection with group B and group C 
viruses has caused outbreaks of disease in older children and adults. Group
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B rotavirus occurs sporadically and at a low prevalence throughout the world, 
although there have been outbreaks in China (Fang et al., 1989) but this 
virus is probably rare and antibody produced to type C is low. (Bridger,
1994). There have been group C rotavirus-associated outbreaks in the UK 
(Caul et al., 1990; Brown et al., 1989) and Japan (Matsumoto et al., 1989). 
Rotavirus infection is seasonal in temperate climates with peaks in the cooler 
months (Cook et al., 1990). Human strains of rotavirus have frequently been 
detected in sewage and sewage-polluted water (Tsai et al., 1994; Gajardo et 
al., 1995; Green and Lewis, 1995; Dubois et al., 1997; Miossec et al., 1998; 
Sellwood and Wyn-Jones, 1995), and shellfish (Xu et al., 1990). However, 
currently there is no epidemiological evidence of human infection via shellfish 
with these viruses. This is probably due to the residual immunity in the adult 
population.
1.2.2.4 Enteroviruses
Human enteroviruses are a genus of the family Picornaviridae with over 70 
serotypes isolated from man. All viruses of the Picornaviridae share similar 
replication strategies and morphological, structural and molecular properties. 
The virion is a largely, featureless, symmetrical particle approximately 27 nm 
in diameter. The infectious particle consists of a shell of 60 copies each of 4 
proteins, VP1, VP2, VP3 and VP4 arranged with icosahedral symmetry to 
enclose a genome of a single strand of positive sense RNA (Minor et al., 
1990).
The human enteroviruses include the polioviruses (PV) serotypes 1 to 3, 
coxsackie A viruses (CAV) serotypes 1 to 22, coxsackie B viruses (CBV) 
serotypes 1 to 6, and echoviruses (EV) serotypes 1 to 7, 9, 11 to 21, and 24 
to 33. Because of uncertainty whether EVs caused diseases in humans, they 
were initially termed “Enteric Cytopathogenic Human Orphan” viruses 
(Huttunen etal., 1996).
EV 22 and EV 23 are genetically and biologically distinct from other 
enteroviruses and represent an independent group (Stanway et al., 1994;
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Hyypia et al., 1997) recently assigned to a sixth picornavirus genus, 
Parechovirus, and have been renamed human parechovirus 1 and 2 (HPEV1 
and HPEV2), respectively (Stanway and Hyypia, 1999). There is evidence 
that some EVs are closely related to CBVs. Since 1970, newly identified 
enteroviruses have not been assigned to existing serotypes but have been 
numerically classified as enterovirus serotypes (ENV) 68-71 (Minor, 1995). 
Hepatitis A was initially designated as enterovirus 72 until it was reclassified 
in the Hepatovirus genus (Minor, 1991).
There are 66 immunologically distinct enteroviruses known to cause 
infections in humans. Although most enterovirus infections in humans are 
mild or asymptomatic (Santti et al., 1999), and sometimes considered to be 
trivial pathogens in comparison to other viruses, enteroviruses may 
occasionally result in serious or even fatal diseases (Muir et al., 1998).
One of the most distinctive diseases produced by an enterovirus is 
poliomyelitis. Paralytic poliomyelitis is, however, a consequence of only a 
small minority of poliovirus infections, from 1 in a 100 to 1,000 depending on 
the serotypes and strain (Hyypia et al., 1997). Although poliomyelitis has 
been eradicated from many parts of the world by the World Health 
Organisation, other enterovirus infections are common and can be a serious 
cause of morbidity. Enterovirus infection can result in a wide range of acute 
symptoms involving the cardiac and skeletal muscle, central nervous system 
(CNS), pancreas, skin, and mucous membranes (Melnick, 1996). 
Enterovirus infections have also been associated with chronic diseases, such 
as dilated cardiomyopathy and chronic myocarditis, chronic fatigue 
syndrome, insulin-dependent diabetes mellitus, motor neuron disease and 
post poliomyelitis syndrome (Muir et al., 1998). However, all enterovirus 
serotypes can also cause asymptomatic infection. Diagnosis of enterovirus 
infections can be difficult due to the diversity of disease manifestations, many 
of which are not unique to enterovirus infections. Table 1.1 lists the range of 
enterovirus serotypes and their associated clinical manifestations.
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Enteroviruses cause sporadic infections and epidemics worldwide. Peaks 
occur in summer and early autumn in temperate climates, but seasonal 
patterns are not seen in the tropics (Maguire et al., 1999b). Enteroviruses 
are transmitted via the faecal-oral route, by contact with infected nose and 
throat discharges and by droplet spread (Maguire et al., 1999b). Subclinical 
and inapparent infections far outnumber clinically apparent infections.
Enteroviruses shed from the intestinal tract in faeces will be transported into 
the domestic sewerage system. The discovery in the 1940s that poliomyelitis 
was an enteric infection led to the development of methods for direct 
detection of viruses in sewage and sewage polluted waters. Since those 
early days, methods for enterovirus recovery and detection in polluted water, 
sediment and shellfish have been continuously improved. Enterovirus 
survival in sewage and contaminated water has also been extensively 
evaluated (Metcalf and Stiles, 1968). The viruses have been shown to 
survive in polluted water and sewage (Scandura and Sobsey, 1997) (Pallin et 
al., 1997) and are frequently isolated from shellfish (Cole et al., 1986) 
(Ercolini and Serracca, 1999). However none of the well-characterised 
enteroviruses have been shown to be responsible for enteric illnesses 
associated with shellfish consumption (Oliver, 1997) (Richards, 1985) 
(Rippey, 1994b). In fact enteroviruses are not commonly associated with 
food-borne infections in general (Oliver, 1994b), although this may be due, in 
part, to the long incubation period of enteroviral infections. However, there 
appears to be a growing interest among environmental scientists (Lipp and 
Rose, 1997) that enterovirus infections might occur as a consequence of the 
consumption of faecally polluted shellfish, and thus warrant further 
investigation.
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Syndrome Commonly
implicated
Serotype(s)
Reference(s)
Asymptomatic
infection
All serotypes Melnick, J. L (1996)
Paralytic poliomyelitis PV1 to PV3 Melnick, J. L (1996), (Modlin, 1995)
ENV 70 (Wadia etal., 1983)
ENV 71 (Chumakov etal., 1979)
CAV 7 (Grist etal., 1978)
Aseptic meningitis/ PV, (Berlin etal., 1993; Dagan etal., 1988;
meningoencephalitis CBV, Alexander et al., 1994; Schmidt et al..
CAV 
ECV 
ENV 71
1974)
Acute myocarditis CBV (Grist, 1977) (Lansdown, 1978)
Bornholm disease CBV (Chonmaitree and Mann, 1995)
(pleurodynia) (Grist etal., 1978)
Hand, foot and mouth 
disease
CAV 16 (Robinson etal., 1958) (Wenner, 1973)
Herpangina CAV, (Wenner, 1973; Chonmaitree and Mann,
CBV,
ECV
1995; Grist ef a/., 1978)
Exanthem CAV
CBV
(Wenner, 1973)
Acute haemorrhagic ENV 70 (Lim and Yin-Murphy, 1971; Mirkovic etal.,
conjunctivitis
CAV 24 
(variant)
1974)
Neonatal multisystem CBV, (Abzug, 1995; Haddad etal., 1993)
disease ECV (Kaplan etal., 1983)
Nonspecific CAV, (Gristetal., 1978; Dagan, 1996)
febrile/respiratory CBV, Dagan, R. & Menegus M. A 1995)
illness ECV
Table 1.1 Clinical symptoms associated with various serotypes of 
enterovirus. Adapted from (Muir eta!., 1998).
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1.2.2.5 Caliciviruses
Caliciviruses are important veterinary and human pathogens (Clarke and 
Lambden, 1997). The viruses gain their name from characteristic cup­
shaped depressions (Calyx = cup) seen on the virion surface by negative 
stain electron microscopy. Caliciviruses are small non-enveloped viruses of 
27-35 nm size with a buoyant density in the range 1.33 to 1.140 gm/cm^ 
containing a single stranded positive sense RNA genome of about 7.7 kb 
(Jiang et al., 1993) and encapsidated by a single major polypeptide of 59-70 
KDa (Cubitt, 1994).
The International Committee on Taxonomy of viruses has recently approved 
the division of the family Caliciviridae into four genera designated Vesivirus, 
Lagovirus, “Norwalk-like viruses” (NLVs) and “Sapporo-like viruses” (SLVs) 
(Pringle, 1998). These final genera have been assigned temporary names 
until acceptable formal names can be determined. The human caliciviruses 
(HuCV) responsible for epidemic gastro-enteritis belong to these genera 
“Norwalk-like viruses” (type species Norwalk virus) and “Sapporo-like 
viruses” (type species Sapporo virus). It is now clear that the bulk of gastro­
enteritis associated with shellfish is caused by Norwalk-like viruses. This 
group of viruses is considered in more detail below
Although efforts have been made to grow the human caliciviruses in cell 
culture, all attempts have failed (Green, 1997). Therefore many basic 
features of the human caliciviruses remain poorly understood. However 
other viruses in the Caliciviridae exhibit a broad host range and much of what 
is known about calicivirus replication has been learned from the study of 
animal caliciviruses such as feline calicivirus (FCV) and vesicular exanthema 
of swine virus (VESV). More recently, molecular studies have made 
identification and genetic classification of the human caliciviruses possible 
(Bishop, 1999).
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1.2.2.5.1 Norwalk-like virus
The Norwalk-like or small round structured viruses (NLVs) are viruses that 
have a feathery ragged edge and an amorphous structure when viewed by 
EM (Caul and Appleton, 1982). Three open reading frames (ORFs) have 
been identified in the NLV genome (Jiang et al., 1993). The first and longest 
ORF 1 encodes a large polypeptide containing short motifs similar to those 
found in the picornavirus; 20 (helicase), 30 (cysteine protease) and 3D 
(RNA-dependent RNA polymerase) regions, a precursor to non-structural 
proteins. This non-structural polyprotein with a predicted molecular weight of 
193.5 KDa is encoded in the 5’ region, preceding 0RF2 which encodes the 
single viral capsid protein (apparent molecular weight of 58 KDa) (Jiang et 
al., 1992b), and a third small ORF (0RF3) located at the 3’ terminus which 
codes for a small basic protein whose functional properties are unknown. 
(Figure 1.1).
Non/valk virus and its relatives have been difficult to detect ever since their 
initial discovery by Immune Electron Microscopy (lEM) in 1972 (Kapikian et 
al., 1972). Electron microscopy of faecal samples has been the main 
diagnostic tool; however, this is complicated by the virus being shed in 
relatively small numbers and for a short time only after the onset of 
symptoms (Hale, 1999). Progress has been made in recent years by the 
application of molecular methods (see Section 1.5). Sequence analysis has 
shown that the NLVs are a diverse group of viruses that can be classified 
phylogenetically into two genogroups (Wang et al., 1994; Green et al., 1994); 
with many different strains (see Table 1.2) The NLV Genogroup I I  strains 
have tended to be more prevalent over recent years (Maguire et al., 1999; 
Fankhauser ef a/., 1998; Liu etal., 1995; Ando etal., 1994).
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Figure 1.1 Genome organisation of human caliciviruses.
(A) Genome organisation of Norwalk virus. The first ORF encodes the non- 
structural proteins: ORF 2 encodes the capsid protein: and ORF 3 encoded a 
small basic protein. (B) Genome organisation of Manchester virus (Liu et al, 
1995). ORF 1 encodes the non-structural proteins and the capsid protein, 
followed by ORF 2 (the homologue of the Norwalk virus ORF 3) encoding a 
small basic protein. ORF 3 is encoded by an out-of-frame sequence within 
ORF 1
(Adapted from Estes,M.K., Leparc-Goffart,l. 1999.)
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NLVs can cause illness in humans at any age. Although NLVs were not 
thought to have an important role in the etiology of diarrhoea of neonates or 
young children (Kapikian, 1996; Nakata et al., 1996), recent studies have 
detected NLV in infants (Parks et al., 1999; Matsuno et al., 1997). Norwalk 
illness is usually mild, lasting 12-48 hours. However, severe Norwalk gastro­
enteritis has been occasionally observed in middle-aged patients, and 
Norwalk virus gastro-enteritis has also been a contributing factor to the death 
of elderly, debilitated individuals. (Estes and Leparc-Goffart, 1999). The 
incubation period is variable, 24 to 60 hours (Appleton, 1990) with infection of 
the intestinal mucosa causing gastro-enteritis soon after infection (Cliver,
1995). The main symptoms are nausea, vomiting, diarrhoea and abdominal 
cramps or pain. Other reported symptoms include headache, fever, muscle 
aches, weakness and chills. Immunity to NLV is complicated with a series of 
human volunteer studies suggesting that immunity appears to be short-lived 
(Estes and Leparc-Goffart, 1999) with individuals becoming susceptible to re­
infection within six months to a year (Greenberg and Matsui, 1992). The 
mechanisms of immunity to NLVs deviates from the characteristic pattern 
seen with other infectious illnesses. The presence of pre-existing serum 
antibody (measured by ELISA) does not appear to correlate with protection. 
In volunteer challenge studies with Norwalk virus, the individuals who 
became ill possessed higher levels of serum antibodies to Norwalk virus than 
those who were resistant to challenge (Estes and Leparc-Goffart, 1999).
NLV-associated outbreaks are now recognised as the major cause of 
epidemic gastro-enteritis in adults, both in the UK (Green et al., 1995b; 
Caul, 1996), Europe (Vinje and Koopmans, 1996) and worldwide (Sekine et 
al., 1989; Wright et al., 1998). In the USA, over 96% of outbreaks of acute, 
non-bacterial gastro-enteritis are attributable to NLVs (Fankhauser et al., 
1998).
The spread of Norwalk-like viruses between humans is mainly by person-to- 
person through the faecal-oral route (Caul, 1996; Kaplan et al., 1982c; 
Kappus et al., 1982). NLVs are highly contagious with as few as 10-100 
viruses required to initiate infection. (Green, 1997; Vipond et al., 2000) Large
24
outbreaks have been reported from semi-closed communities such as 
schools, day-care centres (Bennet et al., 1995; Jiang et al., 1996), hospitals 
(Green et al., 1995d), cruise ships (Khan et al., 1992) and hotels (Bennet et 
al., 1995; Jiang etal., 1996; Riordan etal., 1984). Secondary transmission of 
infection is common due to the highly infectious nature of the virus. The 
extreme stability of NLVs often results in the secondary spread associated 
with environmental contamination (Clarke and Lambden, 1997), via 
aerosolised vomit (Patterson et al., 1993; Chadwick and McCann, 1994; 
Patterson et al., 1997), contaminated water (Beller et al., 1997; Kaplan et al. 
1982b; Lawson et al., 1991), contaminated surfaces (Ho et al., 1989), and 
possible airborne droplets (Sawyer et al., 1988).
It is now recognised that NLVs are a major cause of food-borne gastro­
enteritis, especially linked to the consumption of sewage-polluted bivalve 
molluscs such as oysters, cockles and mussels (Hedberg and Osterholm, 
1993). Contaminated shellfish are a major source of epidemic gastro­
enteritis, with several major outbreaks of shellfish-associated gastro-enteritis 
linked to NLVs (Ando et al., 1995; Grohmann et al., 1980; Jiang et al., 1996', 
Kohn etal., 1995c; Otsu, 1999; Riordan etal., 1984; Rippey, 1994). There is 
no evidence that NLVs replicate in shellfish, which act simply to concentrate 
environmental viruses. Enteric Caliciviruses of animal origin which could also 
be present in water would presumably also be concentrated but there is no 
evidence that they are a risk to man (Clarke and Lambden, 1997)
1.2.2.5.2 Sapporo-like viruses (Classic Human Calicivirus)
The classic HuCV or Sapporo- like viruses were first described in 1975 
(Madeley and Cosgrove, 1975). They were found in the stools of infants and 
have the classic surface cup morphology of other caliciviruses. In contrast to 
NLVs, the classic or typical HuCVs Sapporo-like virus show the characteristic 
"Star of David” configuration when under the EM. The genome is arranged 
slightly differently. The RNA genome (7266 nt) is smaller than the genome of 
NLVs from the two genetic groups and has a unique arrangement of open 
reading frames. The region of the genome encoding the capsid structural
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protein is found in the same reading frame as the non-structural proteins, i.e. 
the capsid ORF is fused to and contiguous with the non-structural proteins 
forming one giant polyprotein which occupies over 90% of the total genome 
(Liu et al., 1995). ORF 2 encodes a small, highly basic protein of unknown 
function, similar to 0RF3 of Norwalk virus. Manchester virus contains a third 
ORF within the capsid protein, which could encode another small basic 
protein (Figure 1.1). The significance of this ORF is unclear, as it is not seen 
in any of the other calicivirus genomes sequenced so far, and the small 
protein it potentially encodes shows no sequence homology to other viral 
proteins in the database. On the basis of genome organisation alone it 
appears that the classic enteric calicivirus belong to a separate group distinct 
from NLVs and animal caliciviruses (Liu etal., 1995).
The prototype strain Sapporo was first detected in 1982, with Houston/86 
strain detected in 1986 and Manchester/92 in 1992. The high level of 
sequence identity among these strains initially suggested that SLV were 
genetically stable. (Jiang et al., 1997). However, subsequent sequence 
analysis of other strains has demonstrated SLVs to be genetically and 
antigenically diverse (Jiang et al., 1997). The classic HuCV, although 
occasionally infecting older children and the elderly, are predominantly 
pathogens of infants and children less than 5 years old, causing sporadic 
infantile gastro-enteritis (Matson et al., 1995; Greenberg and Matsui, 1992). 
Seroprevalence studies in the UK indicate a high prevalence of antibody in 
young children (>80%), with immunity appearing to be long-lived (Lambden 
et al., 1994). SLVs are a minor cause of clinically significant disease, and 
infected children are rarely admitted to hospital (Caul, 1996). Sero- 
epidemiological studies have shown a world-wide distribution for these 
viruses (Nakata et al., 1996) and sero-prevalence studies show that 90% of 
children and adults have acquired specific antibodies (Cubitt, 1994; Cubitt 
1987) although the elderly may be at risk due to a gradual decline in their 
SLV antibody levels. Few outbreaks have been associated with SLV viruses 
(Caul, 1996), although there have been the occasional sporadic outbreaks 
(Cubitt et al., 1979). However, in contrast to NLV-associated outbreaks, 
secondary spread was negligible. Food- borne outbreaks should occur
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especially from the consumption of bivalve shellfish. The lack of observed 
shellfish associated gastro-enteritis caused by SLVs is further evidence that 
infection in childhood gives rise to life-long immunity (Caul, 1996).
1.2.2.5.3. Animal caliciviruses related to NL Vs
Recently a calicivirus, morphologically indistinguishable from human NLVs 
has been identified in cattle in the UK and Germany. This virus causes 
outbreaks of calf diarrhoea and has been termed calici-like or Newbury agent 
(Woode and Bridger, 1978; Bridger et al., 1984). Subsequent molecular 
characterisation confirmed that the bovine enteric calici-like virus, Newbury 
Agent-2 (NA-2) shows a close relationship to the Genogroup I human NLVs. 
However, it represents a novel sequence dissimilar to other known human 
NLV sequences (Dastjerdi et al., 1999). The sequencing of the complete 
genome of another nonculturable bovine enteric calicivirus, again associated 
with diarrhoea in calves Jena virus (JV) has shown that it is also closely 
related to NLV Genogroup I strains (Liu et al., 1999). In contrast, the NLV 
sequence detected in the caecum of pigs was phylogenetically closer to NLV 
Genogroup I I  caliciviruses but forming a sub group within it (Sugieda et al.,
1998). It is unknown whether swine NLV grows in the intestine of pig or 
whether it is a passenger infection. It is possible that with new technology 
using molecular approaches, other viruses with similar morphological and 
molecular identity to NLVs will be found throughout the animal kingdom.
1.2.2.6 Small Round Featureless Viruses
Small round featureless viruses measure 20-26nm in diameter. They have a 
smooth outline and no discernible surface structure (Appleton, 1994). 
Previously, some confusion has occurred regarding the significance of small 
round featureless viruses such as the Cockle, Wollan and Ditchling agents 
(Gunn et al., 1980; Linco and Grohmann, 1980). However, it is now 
recognised that these agents are different to the NLVs. Some workers have 
suggested SRVs may be parvoviruses, which may be associated with 
diarrhoeal disease in children (Oliver and Phillips, 1988), although this has
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not been confirmed. Small round featureless viruses have been detected in 
stool samples and were initially thought to be causally related to gastro­
enteritis (Caul and Appleton, 1982). However, SRFVs are now generally 
regarded as incidental findings (PHLS Viral Gastroenteritis Sub-Committee, 
1993).
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1.3 EPIDEMIOLOGY OF SHELLFISH RELATED ILLNESS
Bivalve molluscan shellfish such as oysters, mussels, clams, and cockles 
ingest food by a process called filter feeding (Gerba, 1978). This method of 
feeding enables shellfish to accumulate organic matter suspended in their 
growing waters, including small particles containing viruses and other enteric 
pathogens consequently they are able to serve as vectors for the 
transmission of infectious disease. Many viruses (reviewed in the previous 
section) are transmitted by the faecal-oral route and all these are potentially 
present in sewage and sewage-polluted waters. Thus it is likely that all could 
be accumulated by bivalve molluscs. However, the only viruses associated 
with human illness following the consumption of molluscan shellfish are 
Hepatitis A virus, causing infectious hepatitis, and the Norwalk-like viruses 
causing viral gastro-enteritis. These data are reviewed in this section.
1.3.1 Infectious hepatitis
The Hepatitis A virus (HAV) is responsible for a high percentage of the 
infectious hepatitis cases reported each year world wide (Tompkins,ef al.
1999). The exceptional stability of the HAV particle, and the fact that 
considerable amounts of virus are shed in the faeces of infected individuals, 
can lead to widespread commonsource outbreaks of this disease (Cromeans 
et al., 1994; Beard and Lemon, 1999). Such epidemics are frequently 
associated with food handlers (Oliver, 1994). However, many outbreaks are 
also associated with consumption of raw or lightly cooked filter feeding 
shellfish (Gerba, 1988; Wanke and Guerrant, 1987; Goh et al., 1987; 
Kiyosawa et al., 1987). The first reported outbreak associating raw shellfish 
and hepatitis A was in Sweden in 1956 (Roos, 1956). The early sixties saw a 
number of outbreaks resulting in over 1,000 cases of oyster and clam- 
associated hepatitis A in the United States (Richards, 1985). The largest 
ever outbreak of shellfish-associated enteric virus illness occurred in China in 
1988, where nearly 300,000 individuals contracted hepatitis A. The source of 
the illness was contaminated clams dug from mud flats outside of Shanghai. 
In this outbreak, only a few cases were associated with secondary, person-
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to-person spread (Halliday et al., 1991; Tang et al., 1991). Outbreaks of 
hepatitis A from contaminated shellfish continue to be reported around the 
world. In France, an outbreak in Loire-Atlantique and Morbihan, a highly 
developed shellfish farming area, was confirmed by molecular methods to 
have originated from contaminated cockles and mussels (Crance et al.,
1995). Around 800 cases were recorded between December 1991 and 
March 1992, peaking in February 1992 (Apairemarchais etal., 1995) In recent 
years outbreaks continue to be reported in the USA (Richards, 1985b; 
Desenclos et al., 1991; Koff, 1995). In Italy, infectious hepatitis represents 
an important public health problem in the community with thousands of cases 
reported each year (Mele et al., 1995). A recent outbreak in Puglia resulted 
in over 8,000 cases linked to the consumption of polluted shellfish and 
subsequent person to person transmission (Malfait et al., 1996) In 1978, a 
widespread outbreak covering the Midlands and the North of England was 
traced to inadequately cooked mussels (Bostock et al., 1979). Later 
outbreaks in the South of England during 1981 were attributed to 
inadequately cooked cockles (O'Mahony et al., 1983). A case control study 
in South Eastern England revealed a statistically-significant association 
between infective jaundice and the consumption of cockles, with as many as 
25% of hepatitis A cases attributable to the consumption of contaminated 
shellfish (Sockett ef a/., 1985).
A recent outbreak of hepatitis A in Australia in the early months of 1997 
resulted in over 400 cases being attributed to the consumption of 
contaminated oysters from the important Wallis Lake growing area of New 
South Wales. (Conaty et al., 2000). This epidemic had an adverse effect on 
the New South Wales oyster industry through adverse publicity and affected 
consumers filing claims for compensation (Wilcox, 1999). In Italy shellfish 
associated outbreaks accounted for 43% of cases in 1994, rising to an 
estimate of about 70% in 1996 (Mele and Cialdea, 1995; Salamina and 
D'Argenio, 1998)
Estimates have suggested that, worldwide, approximately 7% of reported 
hepatitis cases may have been associated with shellfish consumption
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(Gerba, 1978; Oliver, 1994). and transmission of hepatitis A is almost 
certainly substantially under-reported, probably due to the long incubation 
period (Koff et al., 1967). By comparison, during recent years food-borne 
incidents of hepatitis A have been rare in the UK. In many developed 
countries such as the UK, the majority of young adults are now not infected 
during childhood and are therefore susceptible to infection if exposed to the 
virus. This large, susceptible adult population raises the potential for large 
outbreaks of hepatitis A infection from ingestion of polluted shellfish in the 
future. A similar situation exists in Finland and other Nordic countries. Due to 
declining population immunity, seroepidemiological surveys showed that over 
98% of those <45 years were sero-negative for HAV antibodies. A recent 
increase in food borne hepatitis A in Finland resulted in the median age of 
cases being at an older age (42.5), when the risk of clinically-apparent 
hepatitis A disease is significantly greater (Pebody et al., 1998).
1.3.2 Viral gastro-enteritis
1.3.2.1 Viral agents associated with food borne gastro-enteritis
Diarrhoeal illness has been documented since pre-Hippocratic times, 
although the aetiological agents were largely unknown until relatively recently 
(Kapikian, 1996). In 1929, an American physician described a 
gastrointestinal disease, “hyperemesis hiemis" or winter vomiting disease 
(Zahorsky, 1929). However, it was another 25 years before the full 
importance of this disease was recognised and a causative agent described. 
The disease has been variously described by workers in the field as “non- 
bacterial gastro-enteritis”, “epidemic gastro-enteritis” and “acute infectious 
gastro-enteritis” (Greenberg et al., 1979; Blacklow and Cukor, 1982). Until 
the 1970s, it was assumed by exclusion that viruses were an important cause 
of acute gastro-enteritis because bacteriological and parasitological 
investigations could only account for a minor proportion of these illnesses 
(Kapikian, 1996). Although many viable enteric viruses were discovered 
throughout the 1940s and 1950s, a cause of this condition was not identified. 
Acute gastro-enteritis was induced experimentally in volunteers by feeding
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them bacteria-free stool filtrates from gastro-intestinal patients (Greenberg 
and Matsui, 1992). Although the agents responsible could be serially 
passaged in volunteers, all attempts to propagate an aetiological agent in 
vitro were unsuccessful. When new methods became available in the 1960s 
to culture fastidious viruses such as corona virus using organ culture, 
renewed efforts were made to identify the agent, but without success.
1.3.2.2 Identification of NLV virus and disease
Following an outbreak of acute gastro-enteritis in a school in Norwalk, USA, a 
small round 27-34 nm virus-like particle with an amorphous structure lacking 
clear geometric symmetry was identified by immune electron microscopy 
(lEM) from an infectious stool filtrate (Kapikian et a!., 1972). From this, and 
other epidemiological evidence, it was suggested that these virus-like 
particles were the aetiological agents of the outbreak. The virus was named 
Norwalk after the Ohio town where the outbreak had occurred. Norwalk virus 
was considered to be the first virus to be identified as an important 
aetiological agent of gastro-enteritis in humans and represents the prototype 
strain of a group of 34nm viruses which have still defied cultivation in any cell 
culture system. Subsequently, many similar viruses have been identified by 
electron microscopy in stool samples from outbreaks throughout the world 
and are generally named from outbreak location e.g. Hawaii, Toronto, 
Montgomery County. These viruses are now collectively described as 
Norwalk-like viruses (NLVs) (Table 1.2).
Outbreaks have ranged in size from small family epidemics spread by water, 
shellfish, or other foods, to large-scale epidemics (Cannon et a/., 1991; 
Morse et a!., 1986). Investigators at the Centre for Disease Control in Atlanta 
USA developed a series of criteria to distinguish outbreaks caused by NLVs 
from other types of epidemics extending across the continent of the USA 
(Kaplan et a/., 1982a). These include a) stool cultures negative for bacterial 
pathogens; b) mean (or median) duration of illness 12-60 hrs, frequent 
vomiting; and c) an incubation period lasting 24-48 hrs.
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STRAIN AUTHOR (S)
EMBL ACCESSION 
NUMBER
GENOGROUPI
Norwalk virus (Jiang etal., 1993.,Hardy 
and Estes, 1996)
M87661
Southampton virus (Lambden etal., 1993b) L07418
Desert Shield virus (Lew et a/., 1994) U04469
Haytread virus Clinical UK
Maryland virus (Lew etal., 1994b) U07612
Saratoga virus (Lew et a/., 1994b) U07614
Fam1-91 (Norcott etal., 1994) Z29374
ThH1 1-91 (Norcott etal., 1994) Z29377
B291 Clinical UK
GENOGROUP I I
Mexico virus (Jiang etal., 1995b) U22498
Hawaii virus {Lew etal., 1994b) U07611
Bristol virus (Green etal., 1994) X76716
Lordsdale virus (Dingle etal., 1995) X86557
Snow mountain agent (Wang etal., 1994) L23831
Melksham virus (Green etal., 1995c) X81879
Grimsby virus Clinical UK
Mph2 Clinical UK
Hillingdon virus Clinical UK
Table 1.2 Genogroup I  and Genogroup I I  Norwalk-like virus strains : 
clinical isolates (unpublished data, personal communication J. Green, 
EVRL, Colindale) and published strains (European Molecular Biology 
Laboratory).
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1.3.2. 3 Spread of NLV and disease
There are two main types of food-borne viral outbreaks, depending on the 
origin and manner of transmission. The first, Primary contamination is when 
food is contaminated at source with virus, usually through sewage pollution 
either in the marine environment or by the spraying or washing of crops with 
polluted water (Armon et al., 1994; Oliver, 1994b). Secondary contamination 
results from an infected food handler who may contaminate food. Infected 
food handlers can contaminate a wide range of foods that are served cold, 
such as salads, cold meats and coleslaw (Reid et al., 1988; White et al., 
1986). Such contamination may occur at any point right up to the time of 
serving (PHLS Viral Gastroenteritis Sub-Committee, 1993). Primary 
contamination is frequently associated with bivalve molluscan shellfish such 
as cockles, oysters and mussels that can cause wide-scale outbreaks 
(reviewed in section 1.3.3). During an outbreak, there is usually secondary 
transmission via faecal material, aerolization of vomitus, direct contact with 
an infected person and fomites (Green et al., 1995b; Hedberg and 
Osterholm, 1993).
1.3.2. 4_____ Control of NLV and disease
Recent studies have challenged recommendations concerning the practice of 
exclusion of sick food handlers from their work place. Pre-symptomatic 
infected handlers can already excrete virus during incubation (Pether et al., 
1983). Although virus is shed in greatest amounts during acute illness, the 
levels shed decreases rapidly with recovery (Gary et al., 1987). This low 
level may be important as the infectious dose is very small (10-100 virions). 
Some studies have reported shedding for up to 10-14 days (Okhuysen et al., 
1995; Parashar et al., 1998b) and also detectable virus in asymptomatic or 
post symptomatic individuals (Patterson et al., 1993; Stevenson et al., 1994). 
Even if not infected themselves, food handlers can transmit viruses from 
infected family members (Lo etal., 1994).
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1.3.3 Viral gastro-enteritis associated with shellfish consumption
The importance of NLVs as a cause of food-borne outbreaks has been 
highlighted by studies in the UK, which suggest that 20-25% of known NLV 
outbreaks were food-associated (Caul, 1996). State-wide studies in America, 
where NLV outbreaks were identified by the Kaplan criteria, implicated food- 
borne transmission in 39% of outbreaks (Hedberg and Osterholm, 1993). 
Similarly, 67% of 38 NLV outbreaks in Japan were found to be food related 
(Okada et al., 1990). In all these studies, shellfish were identified as a major 
source of the outbreaks.
Many outbreaks of gastro-enteritis were associated with bivalve molluscs 
even before an aetiological agent was identified (Richards, 1985). The first 
linkage of an outbreak with a virus occurred in 1976 with the consumption of 
cooked cockles in the UK; a large outbreak occurred involving some 800 
cases in a series of 33 separate incidents across the country. No bacterial 
agent could be found in either the shellfish or patient stools, which was 
regarded as unusual in such a clearly defined outbreak (Appleton and 
Pereira, 1977). Conventional electron microscopy failed to reveal a viral 
agent, however, using another technique immune electron microscopy (lEM) 
which had successfully detected small round virus-like particles in specimens 
from an outbreak of “winter vomiting disease”, the author described similar 
small 26- 34nm virus-like particles in clinical samples. Although the 
relationship of the observed virus-like particles to the outbreak was not 
proved conclusively, it was judged to be significant. Further studies by the 
same authors showed that 88% of clinical samples associated with outbreaks 
of shellfish associated gastro-enteritis showed similar small round virus like 
particles and reinforced the significance of these viruses in shellfish 
associated outbreaks (Appleton et al., 1981). Since this time, shellfish- 
associated outbreaks linked to viruses have continued to occur across the 
world (Table 1.3).
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Year Reported
cases
Vehicle of Transmission Country Reference
1977 797 Cockles UK
England
Appleton eta l 1977
1978 2,000 Oysters Australia Murphy et al 1979
1978 150 Oysters Australia Linco et al 1980
1982 1,017 Clams-American (813 
cases) Oysters (294 cases)
USA
New York State
Morse et al 1986
1982 472 Oysters USA
Louisiana
Richards e ta l 1985
1983 300 Oysters UK
England
Gill et al 1983
1983 84 Clams USA
New York State
Truman eta l 1983
1983 2,000 Clams-English USA
New York 
New Jersey
Richards et al 1985
1989-1991 Oysters Japan
Gifu
Hayashi etal. 1989 
Kawamoto, e ta l 1993
1987-1992 Oysters Japan
Kyushu
Otsu 1999
1991 200 Oysters Canada
Quebec
Pontefract et al 1993
1993 203 Oysters- Louisiana USA
Mississipi 
Maryland 
North Carolina 
Texas
Pennsylvania
Ando et al 1995 
Dowell et al 1995 
Kohn et al 1995 
Le Guyader et al 1996
1993 45 Oysters USA
Florida
Davis et al 1994
1993 13 Oysters UK
Scotland
Chalmers & McMillan 1995
1995 139 Oysters USA
Florida
McDowell et al 1997
1995 493 Oysters-Louisiana USA
Alabama Florida 
Georgia 
Mississippi 
Louisiana
Farley et al 1998
1995-1998 Oysters Japan
Hokkaido
Ohyama et al 1999
1999 86 Oysters New Zealand Greening et al 2000
Table 1.3. Documented reports of shellfish associated gastro enteritis : 
1977-1999.
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1.3.3.1 Reported outbreaks of gastro-enteritis associated with shellfish
in Australia and Japan
In the late 1970s several wide spread outbreaks were associated with the 
consumption of oysters in Australia. In 1978 a widespread outbreak involving 
some 2,000 persons was linked to consumption of Sydney rock oyster 
(Crassostrea commercialis). Sewage contamination of the harvesting area 
near Sydney due to heavy rainfall was implicated. Virus particles visualised 
in the patients’ stools by EM and a serological response shown by I EM 
identified the virus involved as Norwalk agent (Murphy, 1979; Linco and 
Grohmann, 1980). Another incident occurred following a programme to test 
the safety of depurated (purified) oysters using human volunteers to test- 
consume samples from batches of depurated oysters before their sale to the 
public. Oysters from two sites were test-consumed during 1978 and August 
1979. No volunteers were ill after consuming Brisbane Waters oysters, but 
52 reported illness after eating Georges River oysters. Heavy rain had 
preceded the 2 weeks in which the illnesses had occurred, once again 
implicating sewage contamination of the harvesting area as the cause of 
contamination. These observations confirmed the association of the 
Georges River oysters with the 1978 gastro-enteritis outbreak and showed 
that depuration was not entirely satisfactory (Grohmann et al., 1981).
Similarly, Japan has experienced major problems with oyster-associated 
outbreaks. Two outbreaks of non-bacterial gastro-enteritis occurred in the 
Gifu district in January 1989 and January 1991. Both outbreaks were related 
to the consumption of raw oysters and showed similar clinical features, with 
the attack rates among oyster eaters of 68% and 92%, respectively. The 
identification of NLVs in these outbreaks was based on EM of the stool 
samples and Western Blotting of serum samples. Both outbreaks appeared 
to be caused by the same or antigenically similar agents NLV Genogroup I I  
Hawaii strain (Hayashi etal., 1989; Kawamoto etal., 1993).
From 1987 to 1992 eighteen outbreaks of acute gastro-enteritis were 
reported in the Kyushu district (Otsu, 1999). Five of these outbreaks were 
associated with the consumption of raw oysters that had been illegally
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harvested. In an epidemiological survey between 1995 and 1998 in 
Hokkaido, district Japan, thirteen outbreaks were identified as probably due 
to oyster contamination, either directly or by person-to-person spread linked 
to associated index cases (Ohyama etal., 1999).
1.3.3.2 Reported outbreaks of gastro-enteritis associated with shellfish
in the United States and Canada
Some of the most thoroughly investigated outbreaks have occurred in the 
USA. The first documented case of shellfish associated gastro-enteritis 
attributed to Norwalk virus occurred in Florida where 46% of people at a party 
were ill due to the consumption of raw oysters (Gunn et al., 1982). Norwalk 
infection was detected in this outbreak by a newly developed serologic 
radioimmunoassay. During November 1982, an outbreak involving 472 
cases of gastro-enteritis occurred in Louisiana among oyster consumers.
This outbreak resulted in the closure of 25% of Louisiana's one-quarter 
million acres of shellfish harvesting beds and an economic loss estimated at 
$5.5 million. (Richards, 1985b). In the same year, in 10 separate counties in 
New York, there were 103 outbreaks, involving over 1,000 people in total, of 
enteric illness associated with consumption of raw and steamed clam (Morse 
et al., 1986). Following public concern, dealers imported depurated English 
clams, which unfortunately resulted in a further epidemic of shellfish-related 
gastro-enteritis. At least 14 different outbreaks occurred involving some
2,000 consumers over a 3-month period in both New York and New Jersey. 
In one outbreak alone, over 1100 persons reported illness after eating clams 
at a picnic (Verber, 1984). It was subsequently alleged that depuration 
practices in the plants from which these clams were obtained were poorly 
monitored (Food and Drug Administration, 1983).
In 1983 investigation of two clam bake-related gastro-enteritis outbreaks in 
Rochester, New York, showed that 84 (43%) of 196 persons interviewed had 
an acute illness associated with eating raw or baked hard-shell clams, with 
the risk of illness increasing with the number of clams consumed. The viral 
agent was identified as the Snow Mountain strain of NLV and was the first 
documented outbreak attributed to this agent (Truman et al., 1987). During
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subsequent years, outbreaks of shellfish-associated gastro-enteritis 
continued to occur in the USA. In Louisiana in 1993 a single harvesting area 
where about one million oysters were being harvested daily, was responsible 
for a large multi-state outbreak (Davis et al., 1994; Kohn et al., 1995). 
Epidemiology studies in Louisiana showed that 83% people who ate oysters 
were ill compared to 3% who did not. Eleven of 14 serum samples had at 
least a four-fold increase in antibody to Norwalk virus. NLVs were found in 
67% of stool samples by direct electron microscopy. All (100%) of the stool 
samples were positive for NLVs using a newly established RT-PCR method 
of detection of NLVs in faecal sample. Southern blotting using probes for 
four antigenically distinct members of the Norwalk family (Ando et al, 1995b) 
showed some samples to contain a mixture of both NLV Genogroup I and 
Genogroup I I  strains. Examination of oyster samples by RT-PCR was 
unable to demonstrate the presence of NLVs (Kohn et al., 1995). In this 
outbreak approximately 60% of the Louisiana oysters were shipped to other 
states (Davis et al., 1994), resulting in further outbreaks in Mississippi, 
Maryland, North Carolina, Texas and Pennsylvania (Dowell et al., 1995). In 
total, ten clusters of outbreaks were identified among the implicated states 
with stool samples available from six of the clusters. NLVs were detected in 
50% of stool samples by EM and in 77% of the stool samples, including 
specimens from all six clusters by RT-PCR. Sequencing of the PCR 
amplicons revealed that, although the outbreaks occurred over a 
geographically large area, there was a common strain from four of the States 
corresponding to the Genogroup I sequence from the Louisiana outbreak 
(Kohn et al., 1995). However, a distinct sequence unconnected to the 
Louisiana outbreak was found in patients consuming oysters harvested in 
Florida, demonstrating the presence of two unconnected outbreaks (Ando et 
al., 1995). Investigations showed that an oyster harvester, who had been ill 
with gastro-enteritis before the outbreak and had elevated antibodies to 
Norwalk-like virus, admitted to overboard disposal of faeces onto the oyster 
bed. The low tidal flow through the shallow oyster beds just before the 
harvest dates may have favoured the retention of NLV contamination in the 
beds (Ando et al., 1995). Reports stated that the implicated bed was remote 
from any human sources of sewage contamination, and therefore the state of
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Louisiana did not require routine testing of faecal conforms. However, in 
Florida where routine faecal coliform water quality monitoring was conducted 
monthly, the contamination of oyster beds was not detected (Davis et al., 
1994).
These findings demonstrated for the first time the power of new molecular 
epidemiological tools for outbreak investigation. This multi-state outbreak 
appears to have been caused by contamination of a single oyster harvesting 
area.
Another outbreak occurred in Florida during 1995 as the result of community 
outbreaks of NLV infection occurring shortly before large numbers of oysters 
were harvested for the New Year holidays. Gastro-enteric symptoms led to 
an increase in the illegal practice of dumping faeces overboard by oyster 
harvesters. Intense media attention resulted in a total of 37 separate 
outbreak clusters being reported, all linked to oyster parties. In some cases, 
the oysters were cooked, grilled, fried, stewed or steamed. However, the 
attack rate was similar regardless of whether the oysters had been cooked or 
consumed raw. Increased surveillance during this outbreak led to the 
identification of clusters of illness, which would normally not have been 
reported. This raised awareness that ongoing contamination of oyster beds 
with human waste and oyster-related illness were probably more common 
than had been appreciated (Mcdonnell et al., 1997). EM analysis and 
seroconversion data identified NLVs responsible for this outbreak (Monroe et 
al., 1993b). In this outbreak RT- PCR was applied to both stool and shellfish 
samples using primers specific to Genogroup I and I I  NLVs. However, PCR 
tests were negative, possibly because the primers used were specific for 
particular NLV strains and a different strain was responsible for the 
outbreaks.
During the winter of 1996-97 further outbreaks occurred, allegedly due to 
faecal material from oyster harvesting vessels contaminating oyster beds in 
Louisiana. Sixty clusters, comprising 493 cases, were reported from five 
separate States. NLVs were detected in faecal samples by EM and
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sequence analysis following RT-PCR from eight specimens (representing six 
clusters) demonstrated that each cluster contained one of three unique 
sequences of NLVs, showing that three separate harvesting areas were 
involved (Farley et al., 1998). Of eight oyster harvesting boats examined, 
seven were found to have inadequate sewage collection and disposal 
systems.
In Canada, in late October 1991, more than 200 people were involved in an 
outbreak of gastro-enteritis following the consumption of raw oysters in 
Quebec. This was the first report in Canada of a shellfish-related gastro­
enteritis outbreak linked to Norwalk-like virus (Pontefract etal., 1993).
1.3.3. 3_____ Reported outbreaks of gastro-enteritis associated with shellfish
in the United Kingdom
In the UK it has been noted that shellfish associated outbreaks continue to 
occur even when the shellfish have been depurated by officially approved 
methods (Heller et al., 1986; Ang, 1998; Chalmers and McMillan, 1995; 
Perrett and Kudesia, 1995). Although oysters are most frequently associated 
with such viral infections, presumably because they are eaten raw, other 
cooked shellfish may also be implicated if they are not sufficiently heated. 
This was the case in an outbreak of viral gastro-enteritis caused by a 
seafood-cocktail consisting of pre-cooked mussels and cockles (Gray and 
Evans, 1993)
1.3.3. 4_____ Epidemiological surveillance data
Epidemiological surveillance data shows an increase in all reported NLV 
incidents in Australia since 1992 (Wright et al., 1998). Similar data is 
available for England and Wales from 1981-1996 (Caul, 1996; Hale et al
1997). However, due to the self-limiting nature of the disease, many cases 
are not reported and published. This is exacerbated since most investigated 
outbreaks involve large gatherings of people, smaller outbreaks and single 
cases are rarely if ever reported (PHLS Viral Gastroenteritis Sub-Committee,
1993). Consequently figures almost certainly represent a serious
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underestimate of the true risk of illness from eating oysters. A recent survey 
in the UK reported that food borne transmission was responsible for 14% of 
all NLV outbreaks (Dedman et al., 1998) and that oysters were the single 
most commonly suspected food vehicle. As several recent shellfish 
associated outbreaks demonstrate, molecular tools are increasingly being 
used to determine the source and the viral agent responsible for such 
outbreaks.
1.3.4 Summary
From the evidence presented, it is significant that the only viruses associated 
with illness following the consumption of raw or lightly cooked shellfish are 
Hepatitis A virus, causing infectious hepatitis, and the Norwalk-like viruses 
causing viral gastro-enteritis. Although there have been a few shellfish- 
associated outbreaks linked to astrovirus infection, this is unusual. Adults 
may well be exposed to these agents through shellfish consumption but are 
usually protected against infection by residual immunity from childhood 
infection, or in the case of rotavirus, active immunity by repeated 
asymptomatic infection throughout life (Bishop, 1996). Consequently, the 
transmission of rotavirus disease by food or water appears to be rare, 
probably due to very young children not eating raw shellfish (Blacklow and 
Cukor, 1981) and adults infected with rotavirus-contaminated shellfish may 
go unnoticed because of the absence of any clinical symptoms (Sattar et al.,
1994). Similarly, enteroviruses are frequently found in shellfish and methods 
have been specifically developed for their detection (Wood and Hull, 1999; 
Murrin and Slade, 1997; Reynolds et al., 1996). However, bivalve molluscs 
have not been shown to transmit disease, possibly because most enterovirus 
infections do not result in overt disease.
The available epidemiological evidence therefore suggests that shellfish- 
associated infections are predominately caused by hepatitis A virus and the 
Norwalk- like viruses.
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1.4 CURRENT PUBLIC HEALTH CONTROL MEASURES AND 
INDICATORS OF FAECAL POLLUTION OF SHELLFISH
In order to minimise the public health risks caused by bio accumulation of 
sewage associated micro-organisms in filter feeding bivalve molluscs, most 
countries have developed sanitary controls for the production and marketing 
of shellfish. In the UK and other European countries the system of statutory 
controls is determined by European legislation (Anon, 1991) and in the 
United States by interstate trading agreements set out in the Food and Drug 
Administration (FDA) National Shellfish Sanitation Programme Manual 
(Anon, 1993). Other major exporting countries such as New Zealand have 
developed programmes for compliance with the regulations of their target 
export country.
1.4.1 EC Directive 91/492/EC
In the UK the EC controls are implemented through domestic legislation of 
the Food Safety Live Bivalve Molluscs and Other Shellfish Regulations 
Act, 1992. The “Competent Authority” arrangements for this Directive are a 
shared responsibility between Local and Port Health Authorities and the Food 
Standards Agency (FSA). Measures are designed to protect the consumer 
and include an end product standard, (covering both microbiological and 
other criteria) and standards for depuration, heat treatment and relaying. 
End product microbiological criteria state that shellfish sold for consumption 
must comply with a standard of <230 Escherichia coli per 100 g of shellfish 
flesh. Further clauses cover shellfish purification centres and dispatch 
centres which must be inspected regularly to ensure adequate hygiene 
standards, and must keep adequate records to ensure that any shellfish- 
associated illness can be traced back to the harvesting areas.
EC Directive 91/492/EC further requires the classification of shellfish 
harvesting areas according to the degree of sewage contamination as 
indicated by E. coli monitoring. The purpose of this classification is to ensure 
that adequate shellfish processing occurs prior to consumption and that
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shellfish from grossly polluted areas are prevented from reaching the market. 
For the purpose of the Directive, harvesting areas are assigned to one of four 
categories (Table 1.4) determining treatment levels required before shellfish 
can be marketed.
Category Threshold limit of faecal Levels of treatment prior to 
conforms or E. co/i/100g of consumption 
__________ shellfish flesh____________________________________________
Class A <230 E. coli or 300 faecal May go direct for human
conforms consumption
Class B <4,600 E. coli and 600 faecal Must be depurated, heat-treated
conforms (90% compliance) or relayed to meet class A
requirements
Class C <60,000 faecal conforms Relay for 2 months to meet
class A or B requirements, may 
also be heat-treated
Class D >60,000 faecal conforms Harvesting prohibited
Table 1.4. Limits on faecal coliform contamination in shellfish together 
with treatment required prior to consumption (adapted from Shellfish 
Hygiene Directive 91/492/EEC)
1.4.2 Commercial shellfish treatment processes
The commercial treatment processes available to reduce microbiological 
contaminants prior to placing shellfish on the market for human consumption 
are depuration (purification) relaying and commercial heat treatment 
(cooking).
1.4.2.1_____Heat treatment (cooking)
Heat treatment is applicable to shellfish such as cockles that are not 
traditionally sold live. In the 1970s and 1980s commercially cooked cockles 
were linked to outbreaks of gastro-enteritis and hepatitis A (Appleton and 
Pereira, 1977; Sockett et a/., 1985). Subsequent investigation showed that 
the cockles had been subjected to a brief heat treatment by boiling or 
steaming. The cockles were cooked by a batch treatment that was
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insufficient to inactivate the viruses. Heat treatment studies in the UK on 
hepatitis A showed that by raising the internal temperature of cockles to 85- 
95°C for 1 minute reduced the level of infectious hepatitis A virus 10,000 fold 
(Millard et al., 1987). This report led to recommendations by the Ministry of 
Agriculture that internal shellfish meat temperature should be raised to 90°C 
for 1.5 minutes. Although cooking will destroy contaminating viruses, the 
temperatures required to achieve this may cause shrinkage of the shellfish 
meat, making it tough and tasteless (Appleton, 1994). To overcome this 
cockles are now treated by a continuous flow process which ensures that the 
internal meat reaches the required temperature without overcooking. There 
have been no recorded incidents of viral illness either hepatitis A or gastro­
enteritis since the introduction of this treatment. Similar heat treatment 
studies have not been performed on NLVs in shellfish, as they cannot be 
cultured. However, preliminary studies using feline calicivirus as a model 
suggest that NLVs will be less heat resistant than hepatitis A (Slomka and 
Appleton, 1998) which is consistent with the epidemiological investigations 
(Hyams ef a/., 1991).
However, there have been reported cases of NLV associated gastro-enteritis 
from oysters which had been grilled, fried, steamed or stewed (McDonnell et 
al., 1997). Because the infectious dose of NLVs is thought to be quite low 
(Kapikian, 1984), even a small amount of viable virus remaining could be 
clinically significant. In the UK there are occasional outbreaks of NLV 
associated gastro-enteritis from mussels, which are not traditionally eaten 
raw but are usually lightly cooked (CDSC, 1993; CDSC, 1998). Although 
fewer outbreaks occur from cooked mussels compared to shellfish eaten raw 
such as oysters, home or restaurant cooking is not a wholly effective control 
method and consumer protection will still rely on methods to remove viruses 
from bivalve shellfish sold live.
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1.4.2.2 Depuration
Depuration or controlled purification is the process of reducing the levels of 
bacteria and viruses in contaminated, live shellfish by placing them in a 
controlled clean water environment (Sobsey and Jaykus, 1991) where they 
continue to filter feed and thus purge themselves of contaminants. In the UK 
this takes place in closed tank systems. Seawater is recirculated over the 
shellfish for a period of at least 48 h but may be as long as 7 days. The 
seawater is exposed to ultra violet (UV) to irradiate any contaminants in the 
seawater. Depuration is performed worldwide (Fleet, 1978; Sockett et al., 
1985), although less so in the US (Otwell et al., 1991). All purified shellfish 
are required to comply with an end product standard of less than 230 E. coli 
in 100 g of shellfish flesh.
The majority of oysters sold in the UK are depurated before being placed on 
the market. Depuration has greatly reduced the incidence of bacterial 
disease associated with shellfish consumption (Richards, 1988). However, 
outbreaks occur from depurated shellfish which were fully compliant with the 
bacterial end product standard (Gill et al., 1983; Chalmers and Mcmillan, 
1995c; ;Ang, 1998; Perrett and Kudesia, 1995; Heller ef a/., 1986).
This is almost certainly because bacteria and viruses are eliminated at 
different rates by the depuration process (Richards, 1988; ;Sobsey and 
Jaykus, 1991; Jaykus et al., 1994; ; Power and Collins, 1989; Dore and Lees, 
1995; Power and Collins, 1990). All studies showed that viruses were 
eliminated at a slower rate than faecal coliforms. Depuration efficiency is 
also highly dependent on the initial contamination level of the shellfish (Cook 
and Ellender, 1986), as well as process temperature (Dore et al., 1998; 
Power and Collins, 1990; Jaykus et al., 1994). Studies in this laboratory 
using FRNA bacteriophage as a model for NLV suggest that a seawater 
temperature of 18-20°C is optimal for removal of F+ bacteriophage from 
oysters (C. gigas), but that successful elimination within a 2-3 day period is 
critically dependant on initial contamination level (Dore et al., 1998c). 
Heavily contaminated shellfish failed to clear bacteriophage within 7 days.
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even at elevated temperatures. Studies using FRNA bacteriophage and 
enteric viruses suggest that viruses are accumulated in and restricted to the 
digestive tissues (Liu et al., 1966; Di Girolamo et al., 1975; Dore and Lees,
1995). Recently, the development of better detection methods for NLVs has 
allowed seeding studies which show that NLVs are accumulated and 
sequestered within the digestive tissues of both oysters and clams in a 
similar way and that NLVs were resistant to depuration (Schwab et al., 1998). 
Further work will be necessary to optimise the depuration process to reduce 
viral load in shellfish.
1.4.2.3 Relavina
Relaying involves moving shellfish from their original growing sites to an area 
of cleaner natural water where they can self purify. This process can be 
used as an alternative to depuration for category B sites. As shellfish can be 
held in the natural environment for longer periods than in tanks, this is also a 
suitable method for treating more heavily polluted shellfish. The EC (Anon, 
1991) Directive specifies that shellfish from a category C area must be re-laid 
for a minimum period of 2 months to reduce the contaminants to acceptable 
levels prior to human consumption. The effectiveness of relaying depends 
on many of the same factors as depuration, such as seawater temperature 
and the initial contamination levels (Cook and Ellender, 1986; Jaykus et al., 
1994). Relaying may be combined with depuration to achieve the 
microbiological end product standard. Studies in this laboratory have 
demonstrated the effectiveness of this strategy
1.4.3 Alternative Indicators of Viral Contamination
Although the health problems associated with the consumption of bivalve 
shellfish are predominately viral in nature, legislative standards for shellfish 
are based on bacterial indicators such as E. coli or faecal coliforms. It is, 
however, well documented that the behaviour of viruses both in the marine 
environment (Nasser and Oman, 1999) and in shellfish treatment processes 
is different to that of bacteria. Generally, bacterial contaminants such as E.
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coli are efficiently removed from shellfish by depuration and relaying, thus 
greatly reducing the risk of bacterial illness (Sobsey and Jaykus, 1991). 
However, outbreaks of viral gastro-enteritis continue to occur from purified 
shellfish fully compliant with EC Directive end product standards (Chalmers 
and Mcmillan, 1995; Perrett and Kudesia, 1995). In the absence of routine 
viral analysis for pathogens such as hepatitis A and the NLVs, various “viral 
indicators” have been proposed, which may be more representative of the 
behaviour of viruses. Proposed “viral indicators” include male-specific RNA 
(FRNA) bacteriophage, somatic coliphages, bacteriophages of Bacteroides 
fragilis, and the culturable human enteric viruses adenoviruses and 
enterovirus.
1.4.3 1 FRNA Bacteriophage
Male-specific RNA (FRNA) bacteriophage are a group of single stranded 
RNA bacteriophage with a simple cubic capsid measuring 24-27 nm. Of a 
similar size and morphology to enteroviruses and other human enteric 
viruses such as the NLVs (lAWPRC Study group on health related water 
microbiology, 1991), FRNA bacteriophage can only infect a bacterial host 
with sex fimbrae (pili) coded for by the fertility (F) genetic factor (Havelaar 
and Hogeboom, 1984). These fimbrae, which carry the receptor sites for 
FRNA bacteriophages, have been shown to be produced at temperatures at 
or above 30°C (Novotny and Lavin, 1971). It is therefore unlikely that male- 
specific bacteriophage will multiply in the environment as water or sewage 
rarely reaches this temperature. FRNA bacteriophage have been proposed 
by several workers as indicators of possible viral pollution in the marine 
environment (Havelaar et al., 1986) and have been used extensively as 
potential NLV indicators in shellfish by co-workers in this laboratory. (Dore 
and Lees, 1995). One potential disadvantage to FRNA bacteriophage as an 
indicator is that they may also originate from other sources other than the 
human gastrointestinal tract (Havelaar et al., 1986). Recent proposals for 
strain typing FRNA bacteriophage isolates using gene probes may help to 
overcome this problem (Beekwilder ef a/., 1995; Hsu etal., 1995).
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1.4.3. 2_____Adenovirus
Human infections with adenoviruses are common (Section 1.2) and these 
viruses are routinely detected in sewage and environmental samples polluted 
with human effluent. The detection of human adenovirus has been proposed 
as a specific marker for human faecal pollution in shellfish and other 
environmental samples (Girones et al., 1995; Pina et al., 1998b; Puig et al., 
1994). These authors suggest the detection of adenovirus using broadly 
reactive primers which will detect both oral and intestinal strains (types 40 
and 41). Several reasons have been given in support of this indicator namely 
that they are more readily detected in the environment and are more stable in 
various environments including wastewater, seawater and tapwater than 
enteroviruses. Adenoviruses are also more resistant to UV irradiation and 
other treatments in water purification plants (Enriquez et al., 1995; Meng and 
Gerba, 1996)
1.4.3. 3_____Bacteriophage of Bacteroides fraailis
Bacteroides fragilis is an anaerobe reported to be specifically restricted to the 
human gut. Bacteriophages against B. fragilis have been shown to be 
specific indicators of human sewage pollution in the environment (Armon et 
al., 1997; Bosch et al., 1995; Grabow et al., 1995; Jofre et al., 1995; Pina et 
al., 1998b; Tartera and Jofre, 1987). There are reported difficulties with the 
detection method for these strict anaerobes even in very polluted samples. 
Latest findings indicate that this may have been due to the use of a host with 
a very restricted geographical range. Other workers have suggested phages 
of B. fragilis may prove useful for indication of remote pollution affecting 
shellfish (Lucena etal., 1996).
1.4.3. 4_____Enterovirus
Human enteroviruses have been frequently used as a marker of human 
enteric contamination in environmental samples (Sobsey et al., 1980; 
Richards, 1985b; Lees et al., 1995; Le Guyader et al., 1998). Enteroviruses
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have also been incorporated as a standard in the EU bathing water Directive 
(Anon, 1976). Consequently, there have been numerous studies of the 
methodology for their detection in shellfish, sewage and the environment. 
(Wyn-Jones et al, 1995). The ability to detect enteroviruses by both culture 
and molecular methods has been a valuable tool in development of 
techniques for the detection of viruses in shellfish. The most frequent 
enterovirus isolated from sewage has been poliovirus due to active 
immunisation with oral polio vaccine (Kilgen and Cole, 1991). Immunised 
children can shed poliovirus for several days at levels of around 100 
infectious units per gram of faeces (Richards, 1985b; Wait et al., 1983). 
Although the Sabin vaccine strain has been proposed as an indicator of the 
potential presence of pathogenic enteric viruses in shellfish (Cole et al., 
1986; Richards, 1985b), caution should be exercised as the increasing use of 
disposable nappies may sharply reduce the seeding of poliovirus into the 
environment. An additional consideration is that culture methods are 
technically difficult, expensive and time consuming and therefore unsuitable 
as a routine and robust indicator of human faecal pollution.
1.4.4 Summary
It is evident from the number of reported outbreaks related to the 
consumption of shellfish meeting current legislative standards based on 
faecal bacteria analysis, that current production and control measures cannot 
guarantee the virological safety of shellfish. Attempts to develop improved 
strategies have been hampered by the lack of methods to directly detect the 
pathogens of concern namely NLVs in shellfish. It is thus important that 
detection methods are developed in order to better understand the behaviour 
of these viruses both in the marine environment and during purification 
processes, such as depuration and relaying. Such advances would make it 
possible to identify parameters critical for successful removal of viruses 
during treatment processes and also to directly monitor the viral pollution in 
harvesting areas prior to shellfish harvesting.
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1.5 DETECTION OF VIRUSES IN SHELLFISH
Research into detection of viruses in sewage and sewage polluted waters 
began more than half a century ago with the discovery in the 1940s that 
poliomyelitis was an enteric infection. Early efforts were prompted by public 
health concerns and epidemiological research on poliovirus distribution in 
nature represents the beginning of environmental virology. The development 
and availability of cell cultures greatly expanded enterovirus environmental 
research, and made it possible to detect, for instance, that resistance of 
enteroviruses to chlorine was greater than that of the coliform bacteria group 
routinely used to indicate the sanitary quality of water (Trask et al., 1945). 
Early studies showed that, although large numbers of enteroviruses may be 
found in sewage and are isolated regularly from polluted waters (Gerba et al., 
1975), outbreaks of enterovirus infection attributed to exposure to polluted 
waters have been few. There is little direct evidence connecting the 
presence of enterovirus in sewage polluted waters with a causal role in the 
transmission of viral disease. The relationship between viral contamination 
of shellfish and their overlying water has been investigated (Metcalf and 
Stiles, 1965; Metcalf and Stiles, 1968) but investigators have generally 
reported poor correlation between the presence of bacteriophage or virus in 
shellfish samples and simultaneous samples of sediment and/or water 
(Vaughn and Metcalf, 1975; Vaughn et al., 1980; Cole et al., 1986). 
Coexistence of virus and shellfish occurred in only 43% of cases while 
another study reported parallel isolations in only 50% of the cases (Goyal et 
al., 1979). When virus was isolated from both water and oyster samples the 
types of virus identified in the samples frequently differed. These 
discrepancies are thought to be due to discontinuous pollution events which 
may be short lived whilst viruses retained in shellfish may persist for longer 
periods (Goyal et al., 1979). Several observers have therefore concluded 
that the only way to determine the virological quality of shellfish is to test the 
shellfish meat itself (Metcalf and Stiles, 1968). This section reviews the 
development of such methods from early culture based techniques for 
enteroviruses through to recent molecular based techniques for detection of 
NLVs
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1.5.1 Extraction and growth of enteroviruses from shellfish using cell 
culture.
Early studies demonstrated that shellfish accumulate enteric viruses, when 
grown in water polluted with human faeces (Metcalf and Stiles, 1968; Hoff 
and Becker, 1969). These studies sought to detect viruses in shellfish 
obtained from waters known to be polluted with raw sewage. One of the first 
field studies found between 25-60% of oysters were polluted with enterovirus 
and viruses were detected in oysters up to four miles from the pollution 
source (Metcalf and Stiles, 1965). However early survey data were limited in 
precision and accuracy due to a lack of dependable techniques for the 
isolation of viruses from shellfish. Testing was often done on a limited 
number of samples using just a crude homogenate (Gerba, 1978).
The traditional methods for extracting and concentrating viruses from 
shellfish were developed in the late 1970s (Fugate et al., 1975; Sobsey et al., 
1975; Sobsey et al., 1978), and tested on shellfish from areas with varying 
degrees of pollution (Ellender et al., 1980; Vaughn et al., 1979). A number of 
difficulties hampered these early attempts to detect enteroviruses in 
environmental samples. Shellfish homogenate volumes were too large to 
detect small numbers of contaminating viruses and cytotoxic components 
present in the homogenate often destroyed the animal culture cells used for 
virus assay. Improvements to these early methods were made (Sobsey et 
al., 1978), but recovery efficiencies remained low and techniques were 
technically difficult, time-consuming and expensive. Methods involved 
extraction and concentration of viruses from the shellfish matrix followed by 
their isolation and quantitation using tissue culture procedures (Sobsey, 
1987). The methods used to extract and concentrate viruses from shellfish 
evolved from the observation that enteroviruses can be efficiently adsorbed 
to a variety of materials by controlling pH and ionic conditions. Following 
adsorption, the pH and/or ionic concentrations can be adjusted to elute the 
absorbed virus (Keating and Sobsey, 1985; Tierney et al., 1985). Following 
elution, virus could be inoculated into a host cell system, usually mammalian 
cell cultures of primate origin. However, there is no single-cell culture system
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that will detect all or even the majority of the 100 or so different enteric 
viruses that can potentially contaminate shellfish (Jaykus et al., 1994). An 
additional complication is that some human enteric viruses replicate in cell 
culture without the production of the apparent cytopathic effect (CPE) used 
for detection of growth (Payment and Trudel, 1987). Furthermore culture- 
based methods are not directly applicable to detection of the difficult-to- 
culture hepatitis A virus or the non-culturable viruses primarily responsible for 
gastro-enteritis such as the NLVs (Williams and Fout, 1992; Sobsey, 1987). 
It is also clear that although enteroviruses are common viral contaminants of 
shellfish they are not responsible for gastro-enteritis following shellfish 
consumption (Section 1.2). Enteroviruses have however been proposed as 
potential indicators of sewage-associated pollution and thus the possible 
presence of virus pathogen (Richards, 1985).
1.5.2 The development of methods for detection of hepatitis A and 
Norwalk-like viruses in clinical samples
1.5.2.1 Detection of NLVs in clinical samples using electron microscopv
In the 1980s, it was recognised through seroepidemiological surveys that 
outbreaks of non bacterial gastro-enteritis were caused by small round 
structured viruses such as caliciviruses, (see Section 1.3.). Since the 
discovery of Norwalk virus in 1972, extensive efforts have been made to 
grow the human caliciviruses in cell culture but without success (Kapikian et 
al., 1972). Consequently, adult volunteer challenge studies were the only 
source of virus positive stool samples that were used in the development of 
the first diagnostic assays and in the subsequent cloning of the Norwalk virus 
genome (Jiang et al., 1990; Wyatt et al., 1974). Material from challenge 
studies was also used to establish antigenic relationships between viruses 
using Immune Electron Microscopy (lEM) (Kapikian et al., 1975). 
Researchers in the U K and Japan proposed classification schemes for the 
then termed small round structured viruses, based on lEM or solid phase I EM 
(SPIEM) (Okada et al., 1990; Lewis, 1990). Because these techniques 
required the use of electron microscopy and relied on limited reagents from
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outbreaks or volunteer studies, they were generally not practical for 
widespread use in diagnostic laboratories. Although EM remains an 
important laboratory technique in the detection of NLVs and other viral 
gastro-enteric infections it is limited by the fact that it is highly labour 
intensive and recognition of NLV particles requires a lot of experience and 
skill. Furthermore, the limit of detection by electron microscopy is only 
around a million virus particles / ml (Hedberg and Osterholm, 1993). This is 
well below the sensitivity required to detect the small numbers of viral 
particles found in shellfish. To date, there have been very few studies in 
which EM has been able to detect the low numbers of virus in shellfish 
(Appleton et al., 1981 ; Murphy and Grohmann, 1980).
1.5.2.2 Detection of HAV and NLV using Gene Probes
Methods for the detection of enteric viruses in environmental samples using 
molecular techniques were developed in the 1980s initially using nucleic acid 
hybridisation methods (gene probes) to detect enteroviruses in water 
(Margolin et al., 1989; Margolin et al., 1991) and also hepatitis A in water 
(Jiang and .Estes, 1987). Although probes have been successfully used to 
detect enterovirus and hepatitis A in shellfish (Le Guyader et al., 1993), the 
levels of pollution in the shellfish were extremely high. Hepatitis A was 
detected in shellfish using a digoxigenin- labelled riboprobe; however, the 
shellfish were spiked with high levels of HAV and even so detection was 
difficult (Van Cuyck-Gandre et al., 1994). In general RNA probes are five to 
eight fold more sensitive than DNA probes (Jiang and .Estes, 1987; Shieh et 
al., 1991; Dubrou et al., 1991), but most viral detection in environmental 
samples has been achieved using radioactively labelled probes. Non­
radioactive systems are approximately ten times less sensitive (Jiang and 
Estes, 1987) and are not directly applicable for detecting the low numbers of 
virus particles found in environmental samples (Zhou et al., 1991, Sobsey, 
1994). However, the sensitivity of gene probes in environmental samples 
can be increased if combined with the use of other molecular techniques 
(Jaykus et al., 1994). Recent advances in nucleic acid detection by gene 
probes, coupled with the in vitro nucleic amplification technique of the
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polymerase chain reaction (PCR) (Saiki et al., 1988), offer greater sensitivity 
and detection specificity for enteric viruses (Shieh at a!., 1991).
1.5.2.3 Detection of HAV and NLV using The Polvmerase Chain
Reaction
Gene probing methods were replaced by the development of PCR (Mullis,
1994). PCR is based on the enzymatic amplification of a DNA fragment 
flanked by two oligonucleotide primers that hybridise to opposite strands of 
the target sequence. The primers are orientated with their S' ends towards 
each other. Repeated cycles of heat dénaturation of the template, annealing 
of the primers to their complementary sequences, and extension of the 
annealed primers with a DNA polymerase result in the amplification of the 
segment defined by the 5' ends of the PCR primers (Figure 1.2). Since the 
extension product of each primer can serve as a template for the other 
primer, each cycle essentially doubles the amount of the DNA fragment 
produced in the previous cycle. This results in the exponential accumulation 
of the specific target fragment, up to several million-fold in a few hours. The 
method is capable of amplifying a single molecule of target in a complex 
mixture of nucleic acid. Through incorporation of an initial reverse 
transcription (RT) step prior to PCR (RT-PCR), this technique can also be 
applied to the detection of RNA viruses including Hepatitis A and Norwalk- 
like viruses. PCR based techniques have revolutionised many areas of 
molecular biology and were recognised to offer the best hope for making 
significant progress in the detection of viruses in environmental samples such 
as shellfish.
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The availability of NLV genomic sequences was necessary for PCR primer 
design in order for such assays to be developed. In the early 90s the 
complete genome sequence of three strains of NLVs, the UK Southampton 
virus (Lambden et al., 1993), the Lordsdale virus (Dingle et al., 1995), and 
the prototype US Norwalk virus (Jiang et al., 1993) were published. In the 
UK, assays specifically based on primers derived from the RNA polymerase 
gene of the Norwalk virus strain were found to amplify only very closely 
related strains (Willcocks et al., 1993) accounting for only a low percentage 
(<5%) of outbreaks at that time (Green et al., 1993). Primer sequences 
designed from the partially conserved regions of the RNA polymerase gene 
of the antigenically distinct NLVs Norwalk virus and Snow mountain agent 
increased the number of UK strains detected to 35% (Green et al., 1993; 
Norcott et al., 1994). Amino acid and nucleotide sequence analysis of a 
region of the RNA polymerase from many isolates of NLVs has now 
highlighted the diversity of virus strains (Ando et al., 1995d; Wang et al.,
1994) (see Table 1.2) and has led to the distinction of two genetic groups, 
(Ando et al., 1994; Green et al., 1994; Taylor et al., 1996; Carter and Cubitt,
1995). Sequencing studies of the capsid genes of NLVs have further 
confirmed these findings (Dingle et al., 1995). The diversity of NLVs, and the 
many different strains which may be circulating in the environment (Norcott et 
al., 1994) has led to difficulties in the design of “catch all” PCR primers 
(Taylor et al., 1996; Lew et al., 1994). Several studies have aimed to 
develop primer design to increase levels of detection. In one study, separate 
Genogroup I and Genogroup I I  primers sets were developed (Ando et al., 
1995d), another utilised generic deoxyinosine-containing primers based on 
Genogroup I I  to detect NLVs from hospital outbreaks (Green et al., 1995d). 
Another possible approach is to use degenerate primers. One such study 
showed that, although a single degenerate primer could be used in cDNA 
synthesis for a variety of NLVs, the sensitivity of the RT-PCR assay 
depended on the second primer and virus specific probe (Le Guyader et al.,
1996). Several such incremental improvements in primer design have 
eventually led to the development of sensitive and specific RT-PCR assays 
for the detection of most NLV strains in human clinical material (Green et al., 
1995; De Leon et al., 1992; Jiang et al., 1992; Moe et al., 1994).
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1.5.3 The development of molecular techniques for detection of enteric 
viruses in shellfish.
1.5.3.1_____ Methods for the removal of inhibitors from shellfish
Although assays to detect NLVs in human stools have proved invaluable in 
the epidemiological investigation of shellfish-associated outbreaks (Dowell et 
al., 1995) the application of these techniques to the detection of NLVs in 
molluscan shellfish associated with such outbreaks has proved more 
problematical (Kohn et al., 1995). A major problem associated with the use 
of molecular methods to detect viral genome in complex samples is the 
presence of substances liable to interfere with the enzyme system used for 
amplification. This has been reported for samples as diverse as faeces 
(Wilde et al., 1990; Jiang et al., 1992), food (Lantz et al., 1994; Scheu et al.,
1998), sewage (Shieh et al., 1995) and soil (Sunun et al., 1995). This 
problem is particularly relevant for complex shellfish samples, as large 
volumes have to be processed to detect the low concentrations of virus 
present (Sunen and Sobsey, 1999). PCR inhibition has been described in 
samples rich in proteins or rich in genomic material (Gouvea et al., 1990; 
Tsai and Olsen, 1992) and acid polysaccharides in shellfish meat have been 
specifically identified as inhibitors (Atmar et al., 1995) as has glycogen 
(Atmar et al., 1993; Metcalf, 1978). A variety of methods for purifying target 
viral genomic material away from such inhibitors have been proposed. Some 
studies have utilised the metal chelating agent Chelex 100 or column 
chomatography procedures such as Sephadex G200 (De Leon et al., 1992) 
or a combination of Sephadex G-50 and Chelex 100 (Straub et al., 1994) and 
cellulose (Wilde et al., 1990) which allows salts and small proteins to be 
effectively eliminated. Alternatively selective precipitation processes based 
on n-cetyltrimethylammonium bromide (CTAB) (Jiang et al., 1992; Atmar et 
al., 1995; Straub et al., 1994) have made it possible to eliminate certain 
polysaccharides. Other workers have suggested the use of an acid-alcohol 
polymer Pro-cipitate which precipitates proteins, and has been used to 
remove shellfish associated inhibitory activity (Jaykus et al., 1996; Dix and 
Jaykus, 1998). Other methods include deproteinization using guanidinium
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isothiocyanate (GITC) with adsorption of viral RNA onto silica (Boom et al., 
1990; Lees et al., 1994;Hafliger ef a/., 1997).
1.5.3. 2_____ Detection of enteroviruses in shellfish
Cross hybridisation and sequencing studies demonstrated the existence and 
extent of genome homology among the enteroviruses and formed the basis 
for the design of PCR primers for the enteroviruses (Hyypia et al., 1989). 
Gene amplification by PCR was subsequently applied for detection of 
enteroviruses in human clinical material (Glimaker et al., 1992; Olive et al., 
1990). These advances were therefore exploited for the development of 
PCR based tests for the detection of viruses in shellfish. In addition, the 
similarity of picornaviruses and other human enteric RNA viruses such as 
hepatitis A and NLVs suggested that methods developed for enteroviruses 
could be applied to these other agents causing clinical illness following 
shellfish consumption. A number of methods to detect enteroviruses in 
shellfish were developed using shellfish seeded in the laboratory with 
enterovirus (Atmar et al., 1993) (Jaykus et al., 1993; Jaykus et al., 1995; 
Jaykus et al., 1996). Further studies were, however, necessary to 
demonstrate that laboratory seeding studies were relevant to naturally 
occurring enteric viruses in shellfish from contaminated areas. The first 
method directly detecting enteroviruses in shellfish was reported for a small 
number of field samples from sewage polluted sites in the UK (Lees et al., 
1994; Lees et al., 1995). Comparable studies were reported in the US in 
1996 where similar studies were compared with cell culture (Chung et al.,
1996). PCR based methods were found to increase the detection rate for 
noncytopathic human enteric viruses in oysters.
1.5.3. 3_____ Detection of HAV in shellfish in seeding studies
The development of such RT-PCR based sensitive and specific methods for 
detection of both hepatitis A and NLVs in shellfish, has mainly relied on 
shellfish spiked in the laboratory with virus. One study developed a method 
to identify HAV RNA by RT-PCR by extracting total RNA from oyster meat
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seeded with HAV. The oysters were either seeded by the addition of HAV 
culture directly to the homogenised shellfish, or by allowing the shellfish to 
bioaccumulate the HAV in tanks for 24 h. Intact oysters were also injected 
with HAV into 4 or 5 sites in the visceral area. In this study, the level of HAV 
detected after total RNA extraction was comparable to that with PCR 
amplification of RNA obtained from whole virus (Cromeans et al., 1997). 
Four methods of extraction and three methods of concentration of three 
enteric viruses from mussels were comparatively evaluated by RT-PCR. 
Shellfish were experimentally contaminated by immersion in seawater 
seeded with hepatitis A virus. Sixty-gram samples of mussel tissues were 
processed by using four extraction methods 1 )borate buffer, 2) glycine 
solution, 3) saline beef, and 4) saline beef-Freon extraction methods as a first 
step. This was followed by two or three concentration steps (the organic 
flocculation, PEG 6000, and PEG 8000. One half of each final concentrate 
was directly analysed by RT-PCR and the other half was detoxified by a 
Sephadex LH20 gel filtration before RT-PCR analysis. This study assessed 
the efficiency of 20 combinations of extraction and concentration methods. 
Sephadex LH20 filtration significantly decreased the efficiency of RT-PCR 
virus detection (Traore et al., 1998). One recent study (Arnal et al., 1999) 
evaluated seven different RNA extraction methods on human faecal samples 
and artificially contaminated shellfish samples prior to Hepatitis A detection 
by PCR. The study concluded that none of the techniques studied could be 
applied to both complex and simple samples. Techniques based on specific 
antigen capture of the virus using magnetic beads with antibody worked well 
with simple samples. However for more complex specimens such as 
shellfish, purification of RNA using more classic techniques such as 
polyethylene glycol (PEG) and CTAB, RNAzol and GTC-silica were more 
suitable.
Other workers have used antigen capture PCR successfully to detect 
hepatitis A in seeded shellfish. HAV was captured from a seeded shellfish 
sample with homologous antibody and then heat denatured and subjected to 
reverse transcription and PCR, all in the same tube. Subsequently, the AC- 
PCR products were analysed by oligonucleotide probe hybridisation in
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solution, agarose gel electrophoresis, and autoradiography. The antigen 
capture PCR was found to detect a higher percentage of known positive 
samples in the seeded shellfish samples in comparison to cell culture (Deng 
et al., 1994).
Another study successfully detected HAV in artificially contaminated samples 
of American oyster (C. virginica). This study used streptavidin magnetic 
beads coated with biotinylated human anti- HAV IgG which allowed virus 
capture and the removal of the RT-PCR inhibitory compounds which usually 
are present in shellfish extracts. Following immunomagnetic capture, the 
separated HAV were ruptured, the beads discarded, and the supernatant 
containing the viral RNA subjected to the RT-PCR protocol (Lopezsabater et 
al., 1997). Similar immunocapture methods have been successfully used to 
detect HAV in hard-shell clams (Sunen and Sobsey, 1999). Unfortunately, 
antibody capture PCR methods for detection of NLVs in shellfish samples are 
not widely available at present due to the lack of suitable immunological 
reagents and predominately type -specific availability of sera.
1.5.3.4 Detection of NLV in shellfish in seeding studies
NLVs has been detected in shellfish following laboratory-seeding 
experiments. In one such study stool concentrates from a human volunteer 
infected with the well-characterised Norwalk virus, was seeded into oyster 
and clam homogenates. A newly developed purification assay was used to 
extract the viral RNA. The technique involved deproteinisation with GITC, 
adsorption of RNA to hydroxyapatite and sequential precipitation with CTAB 
and ethanol. Viral RNA was identified using primers specific for Norwalk 
virus (Gouvea et al., 1994). A similar approach was used on hard-shell clam 
tissues, seeded with NLVs and recovered using RT-PCR after a GITC 
extraction (Sunen and Sobsey, 1999). Other methods were developed 
whereby the viral total RNA is isolated and extracted by a series of 
processing steps prior to RT-PCR (Atmar et al., 1993). Oyster homogenates 
were seeded with stool containing NLV obtained from human volunteer 
studies. However, this method employed a long extraction process followed
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by CTAB and ethanol precipitation. Other workers feared exposure of naked 
RNA to potential degradation by RNases encountered in processes involving 
the destruction of virion integrity for total RNA isolation. Therefore alternative 
approaches to concentrate purify intact virions from seeded shellfish have 
also been evaluated (Jaykus et al., 1996). This procedure used Pro-cipitate 
after purification and concentration steps to isolate whole virions prior to RT- 
PCR. This approach successfully detected NLV in seeded oyster extracts 
however oligoprobe hybridisation of RT-PCR product was essential for both 
detection and confirmation of viral genomic amplicons.
However, to date, there have been no comparable studies of either shellfish 
associated with outbreaks or polluted field samples. One researcher 
summarised that the ability to detect very low levels of virus in cell lysates 
showed the potential of RT-PCR, but the results from his study illustrated the 
realities and difficulties of amplifying non culturable virus from shellfish. 
Samples and methods must be developed to concentrate the low levels of 
virus and also effectively to remove inhibitors (Atmar et al., 1993). This 
author followed these studies with an improved method, adding NLV directly 
to the stomach and hepatopancreatic tissues of oysters. Although this 
method detected Hepatitis A virus as well as NLV again, it was only 
successful with seeded samples (Atmar et al., 1995).
1.5.3.5 Detection of HAV and NLV in environmentallv contaminated
shellfish
There are few studies to date, which have directly detected NLVs or Hepatitis 
A in environmental shellfish samples. The first study to detect Hepatitis A in 
naturally contaminated shellfish applied a method previously developed using 
virus spiked shellfish (Le Guyader et al., 1994b). Since then, other studies 
have detected HAV in naturally contaminated mussels (Abad et al., 1997), in 
oysters harvested from an area receiving sewage effluent discharge (Chung 
et al., 1996), in mussels and cockles associated with an HAV outbreak in 
France (Crance etal., 1995) and in routine microbiological surveys (Crocci et 
al., 1999; Lee et al., 1999).
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Although Norwalk virus has been successfully detected in shellfish following 
laboratory seeding experiments (Atmar et al., 1993; Gouvea et al., 1994), 
only a few studies have reported NLV detection in naturally polluted shellfish. 
The first of these studies applied a sample extraction procedure, compatible 
with PCR (Lees et al., 1994) in combination with a newly developed primer 
pair to a variety of shellfish samples. Initial studies targeted at highly polluted 
field sites found 21% of shellfish samples positive (Lees et al., 1995b). A 
further limited study in a less polluted commercial growing area showed a 
lower contamination rate with only 8% of shellfish samples positive. The 
newly developed method was also successfully applied to four separate 
samples of purified shellfish associated with outbreaks of gastro-enteritis. 
This was the first demonstration of NLV detection in environmentally 
contaminated shellfish. However, this study highlighted the difficulties 
associated with environmental samples with detection requiring the added 
sensitivity of Southern Blot. This low yield prevented sequencing of positive 
viral amplicons.
A later study in Japan (Sugieda et al., 1996) used RT-PCR to detect NLV 
virus in outbreak associated shellfish. Only the oyster midgut gland 
(digestive gland) was utilised rather than whole shellfish, as in the previous 
study. Cloning and sequencing of the positive PCR amplicons showed the 
coexistence of two genotypes of NLVs in oyster and stool samples from the 
same outbreak.
Initial analysis of shellfish samples implicated in a multistate outbreak in the 
US were unsuccessful in identifying NLVs, although NLVs had been detected 
in 86% of stool samples by RT-PCR (Kohn et al., 1995). A subsequent 
study, using primers specific to the virus strain identified in the stools 
detected NLVs in the oysters (Le Guyader et al., 1996).
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1.6 SUMMARY AND OBJECTIVES
Filter feeding molluscan shellfish accumulate micro-organisms, including 
human pathogenic bacteria and viruses when grown in sewage-polluted 
waters and can present significant health risk when eaten raw or lightly 
cooked. In the developed world the viral diseases predominantly associated 
with the consumption of sewage contaminated shellfish are gastro-enteritis 
caused by Norwalk-like viruses and infectious hepatitis caused by hepatitis A 
virus. Despite long-term knowledge of the inadequacy of current control 
measures, attempts to introduce improved public health controls have been 
severely hampered by the lack of methods to detect human pathogenic 
viruses in shellfish. Although numerous methods have been proposed for the 
isolation and culture of human enteroviruses from shellfish, culture-based 
methods are not directly applicable to detection of the difficult-to-culture 
hepatitis A virus or the non-culturable NLVs. Techniques based on direct 
detection of viral nucleic acid by molecular methods particularly PCR offer 
the best hope for significant progress and such techniques have been used 
for the detection of NLVs and hepatitis A virus in clinical samples. However, 
the application of PCR to complex environmental samples such as shellfish is 
hindered by the presence of undefined inhibitors of the reaction. This is 
particularly relevant for shellfish, as large volumes of material have to be 
processed in order to detect low numbers of target molecules. Several 
studies have demonstrated the high level of diversity among NLVs thus 
making the design of pan reactive primers difficult. Previous collaborative 
work had led to the development of a method that removed inhibitors from 
shellfish. This was combined with a newly designed primer set to allow 
successful detection of NLVs in shellfish for the first time. However, a 
limitation of the method was that positive results were frequently only 
detectable following an additional signal amplification step by Southern blot 
hybridisation. Clearly therefore a more sensitive assay was required for 
routine use.
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The first objective of this project was to develop a more sensitive method for 
detection of NLVs in both polluted and depurated shellfish, which would also 
facilitate post-PCR virus characterisation by sequencing.
There are several reasons why it is important to be able to sequence and 
characterise Norwalk like viruses. The large diversity among NLVs makes it 
difficult to identify individual strains by PCR alone even with the use of 
several primer pairs and hybridisation probes. Sequencing enables 
identification of individual strains of either NLV genogroup. This is necessary 
to examine the related ness of strains co-circulating in the community. 
Sequencing also enables linkage of outbreaks from a common source 
occurring in different locations. This is important for epidemiology studies of 
outbreaks especially from a food source such as shellfish.
The ability to characterise virus sequence also makes it possible to monitor 
viral contamination of harvesting areas. This type of study has been 
addressed previously by other workers monitoring an area for NLVs and 
hepatitis A virus. However this study did not characterise the NLVs and 
identify the strains.
The second objective of this part of the thesis was therefore to develop 
sequencing strategies to genetically characterise NLVs contaminating 
shellfish.
The methods currently employed to control health hazards associated with 
the consumption of bivalve molluscan shellfish are based on restricting 
harvesting in faecally-polluted areas and the application of post harvest 
treatment processes such as heat treatment, depuration and relaying. The 
assessment of human health risk from shellfish produced using these 
controls is carried out using bacterial indicators. It is, however, widely 
accepted, that absence of bacterial indicators in treated shellfish does not 
indicate the absence of viruses, as viruses have been shown to persist 
longer than bacterial indicators in shellfish following treatment. Numerous, 
well-documented outbreaks of viral disease have occurred following
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consumption of treated shellfish meeting safe bacteriological limits. Using the 
methods developed under objectives 1 and 2 for monitoring shellfish 
harvesting areas for NLV may provide a novel alternative approach for more 
effective public health controls
The third objective of the thesis was therefore to investigate the potential 
application of the methods to detection of NLVs in commercial shellfish 
harvesting areas.
Today, depuration of shellfish is routinely performed in the UK and other 
developed countries as a prerequisite to marketing shellfish. Although these 
controls have been successful in virtually eliminating bacterial pathogens as 
a cause of shellfish associated food poisoning; depurated shellfish produced 
in the UK have been linked to outbreaks of viral disease. Some outbreaks 
have been linked to improper depuration practices, studies have cast doubts 
on the adequacy of even well performed depuration as a means to remove 
viral contamination from oysters.
The fourth objective of the thesis was therefore to utilise the developed 
methodologies to evaluate viral removal during commercial purification 
processes focusing, in particular on the correlation between bacterial 
indicators and viral contamination.
The development of methods to detect NLVs in shellfish is a new and 
powerful tool and in particular the ability to sequence viral strains may 
provide a breakthrough for epidemiology studies. There have been few 
studies to date where attempts have been made to characterise NLVs in both 
stools associated with outbreaks and in shellfish and to document a linkage. 
This type of molecular epidemiology is being used increasingly to 
gain a deeper understanding of the epidemiology of outbreaks of gastro­
enteritis.
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The final objective of this thesis was therefore to investigate the application of 
the developed methodologies to molecular epidemiological investigation of a 
shellfish associated outbreak.
Finally, the results gained from the above investigations are discussed in the 
context of the development of improved public health controls for molluscan 
shellfish.
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CHAPTER 2
GENERAL MATERIALS AND METHODS
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2.1 EXTRACTION/CONCENTRATION OF VIRUSES FROM SHELLFISH
Virus was extracted and concentrated from shellfish using the following 
procedures. The protocol for the concentration and recovery of virus from 
shellfish developed by Lewis and Metcalf (1988) was followed with minor 
modifications. Shellfish were cleaned by scrubbing the shells under running 
tap water. The animals were then dried with paper towels and opened with a 
sterile shucking knife. Shellfish were shucked to obtain 25 g x 2 of flesh and 
fluid, which was diluted 1:10 in 10% tryptose phosphate broth (TPB [Lab M, 
Bury, United Kingdom])-0.5 M glycine buffer (pH 9.0-9.5) and homogenised 
in a Waring blender (4 bursts of 15 s blending). The homogenate was stirred 
for 5 min, sonicated (model SP1068; Ultrasonics Ltd., Shipley, Yorkshire) 
with a 10mm probe for 2 min at level 6 (100 W) and centrifuged at 3,000 x g 
for 30 min at 4°C. Supernatants were adjusted to pH 1.2-1 A, polyethylene 
glycol (PEG) 6,000 was added to a final concentration of 8% (w/v) and the 
mixture was stirred for 2 h at 4°C. The mixture was centrifuged at 3,000 x g 
for 30 min at 4°C. The pellet was resuspended in 5-10 ml of 0.15 M 
Na2HP04, sonicated for 30 s at level 6, agitated at room temperature for 20 
min using a rotating shaker at 100 rpm, resonicated and centrifuged at 
10,000 X g for 30 min at 4°C. The supernatant was further purified by 
adjustment to 15 ml with phosphate buffered saline (Dulbecco’s formula) 
(PBS)at pH 7.4, extracted five times with an equal volume of 1,1,2- 
trichloro,2,2,1-trifluoroethane (Freon TF), and then overnight centrifugal 
concentration (3,000 x g at 4°C ) over a 100-kDa-cutoff membrane filter 
(Macrosep; Flowgen, Sittingbourne, United Kingdom) to a final volume of 1.4 
ml before storage at -70°C.
2.1.1' Extraction of viral RNA from shellfish concentrates
The RNA extraction procedure was based on the methods reported by 
Yamada (1990) and Boom (1990). Shellfish concentrate (400pl or dilutions 
in PBS) was added to reaction tubes containing lOpI of glass powder matrix 
(glassmilk; Anachem, England) and 900pl of 6.6M guanidine isothiocyanate 
(GITC [Sigma]) in a buffer containing 0.07% Triton X-100 (Sigma), vortexed.
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and incubated in a rotating incubator at 20°C for 20 min. GITC serves to 
denature cellular and nucleoprotein complexes (thereby releasing the RNA) 
and protects the RNA in the sample from digestion by nucleases. RNA 
bound to glasspowder was then pelleted in a microcentrifuge (12,000 x g), 
washed twice with 1ml of 5 M guanidine isothiocynate buffer in 0.1 M Tris- 
HCI (pH 6.4), and washed once with 1 ml of ice-cold 70% ethanol followed by 
a further wash with 1 ml ice-cold acetone. The final glass powder pellet was 
air dried and RNA eluted by resuspension in 50 pi of 10 mM Tris-HCI—ImM 
EDTA (pH 8.0) buffer for 10 min at 56°C. RNA was then precipitated by 
addition of 0.1 volume of 3 M sodium acetate (pH 5.2) and 2 volumes of 
100% ethanol, incubated at -70°C for 30 min, and pelleted at 20,000 x g 
(Heraeus Instruments) for 20 min at 4°C.
2.1.2 Reverse Transcription and RT-PCR
RT-PCR was performed by resuspending RNA pellets in 6.9 pi sterile water, 
adding 20 units ribonuclease inhibitor (RNAsin, [Promega]), Ipl 50 M random 
hexamers (PdN6, [Pharmacia Biotech]), and overlaying the mixture with 50pl 
mineral oil (400-5 [Sigma]). The mixture was heated at 70°C for 5 minutes, 
chilled on ice and then added to 8.1 pi reaction mix containing (final 
concentrations) lOmM Tris (pH 8.3), 50mM KCI, 5 mM MgCl2, 1 mM (each) 
deoxynucleoside triphosphate (dNTP) (Pharmacia Biotech) and 100 U of 
Moloney murine leukemia virus reverse transcriptase (fast protein liquid 
chromatography pure cloned Moloney murine leukemia virus ; Life 
Technologies). Reverse transcription was performed at room temperature for 
10 min, followed by incubation at 37°C for 1 hour. The reaction was 
terminated by incubation at 95°C for 5 minutes, the tubes were then chilled 
on ice and 35pl of RT-PCR reaction mix were added (10 mM Tris (pH 8.3), 
50 mM KCI, 1.5 mM MgCl2, 20pmol of each primer and 1 unit Taq 
polymerase). After an initial dénaturation at 94°C for 2 minutes, 30 
amplification cycles of 95°C for 1 minute, 40 °C for 1 minute and 72 °C for 1 
minute were performed followed by a final extension of 72°C for 10 minutes. 
Second round amplification was carried out using 1 pi of the first round 
amplicon and 49 pi of RT-PCR reaction mix containing (final concentrations)
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10 mM Tris- MCI (pH 8.8). 50 mM KCI, 1.25 mM MgCl2, 0.2 mM (each) 
dNTP, and 20 pmol of each primer. The cycling parameters were 
unchanged.
RT-PCR amplicons were examined by electrophoresis of 20pl reaction mix in 
agarose gels (4% composite gel; 3% Nusieve, 1% SeaKem, Flowgen) at 
10v/cm for 1.5 -2 hours.
First round primers G1/G2-SM31 amplify either a 270 (G2-SM31) or a 190 
base pair (G1-SM31) region of the RNA polymerase gene. The Genogroup
11 specific nested primer pair NI/E3 amplify a 113 base pair region, whilst the 
Genogroup I specific primer pair Ando/E3 amplify a 112 base pair region. 
Molecular weights were determined by comparison with a 1KB DNA ladder 
(Gibco BRL).
First round enterovirus primers PR2 and PR 5 amplify a 540 base pair region 
and nested pair OLPH and OL26 amplify a 266 base pair region.
TABLE 2.1. NLV Primer Sequences
First round PCR Primers.
G1 TCN GAA ATG GAT GTT GG
GII AGC CNT NGA AAT NAT GGT
SM 31 CGA TTT CAT CAT CAC CAT A
Second round PCR Primers.
NI GAA TTC CAT CGC CCA CTG GCT
E3 ATC TCA TCA TCA CCA TA
ANDO GTG AAC AGY ATA AAY CAY TGG
TABLE 2.2 Enterovirus Primer Sequences
First round PCR Primers.
PR2 CGG TAC CTT TGT ACG CCT GTT
PR5 CCG CAT TCA GGG GCC GGA CT
Second round PCR Primers.
OL26 GCA CTT CTG TTT CCC C
CDPH CAT TCA GGG GCC GGA GGA
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2.2. CLONING OF NESTED RT-PCR PRODUCTS
2.2.1. ChromaSpin Purification of the RT-PCR products
All the RT-PCR positive samples were purified before cloning using 
Chromaspin tubes (Clontech, UK Ltd, Basingstoke, England). The contents 
of the Chromaspin tubes were either shaken or flicked to mix, ensuring no air 
bubbles were present. The bottom of the tube was then snapped off and the 
tube placed over the collecting vial. The tubes were spun at 2000 rpm (750 x 
g) in a centrifuge (Mistral 3,000, [Centaur, England]) for 5-10 minutes to 
compact the silica gel. The collecting vial was discarded. Approximately 30 
pi of PCR product was loaded into the centre of the column and centrifuged 
at 2,000 rpm (750 x g) for 5 minutes using a new collecting vial. Any unused 
DNA was frozen for later use if necessary.
2.2.2 Preparation of media for cloning of PCR products
LB Medium
The LB broth containing lOg of Tryptone, 5g Yeast extract and 5g of NaCI 
(pH 7.0) was made according to the manufacturers (Oxoid) instructions
LB Plates with ampicillin
15 g of agar was added to 1 I of LB medium and sterilised as before. The 
medium was allowed to cool (50°C) before the addition of ampicillin to a final 
concentration of 100 pg/ml. The media (30-35 ml) was poured into 85mm 
petri dishes. The agar was allowed to solidify before being stored at 4°C for 
a maximum of 4 weeks.
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IPTG stock solution (0.1 M)
Nuclease free water (BDH, Poole, Dorset) was added to 1.2g of IPTG 
(Promega Corporation, Madison) to a final volume of 50 ml. The IPTG 
solution was filter sterilised and stored at 4°C.
X-Gal stock solution
100 mg of 5-bromo-4-chloro-3-indolyl-p-d-galactoside (Promega Corporation, 
Madison) was dissolved in 2 ml N, N'-dimethyl-formamide. The solution was 
covered in aluminium foil and stored at -20°C
2.2.3. Ligation of the PCR product into a plasmid vector
The purified PCR products were ligated into a plasmid vector (as in pGEM-T 
Cloning Protocol, Promega). A 10 pi ligation mix containing 3 pi PCR 
Product (from ChromaSpin tubes), 4 pi Sterile Water, 1 pi T4 DNA Ligase, 1 
pi pGEM-T Easy Vector, 1 pi T4 DNA Ligase 10 X Buffer, was made for each 
sample
The reaction was mixed by pipetting, and incubated overnight at 4°C.
2.2.4. Transformation of host cells by the plasmid vector
High efficiency competent cells JM109 ([1x10® cfu/pg] Promega Corporation, 
Madison) were placed on ice to thaw. The LB broth was allowed to reach 
room temperature. A water bath was equilibrated to 42°C and LB plates 
warmed to 37°C. The tubes containing the ligation reactions were briefly 
microfuged and a volume of 2 pi of each ligation reaction was added to a 1.5 
ml Eppendorf tube on ice. (Although the pGem T vector kit has been 
optimised using a 1:1 molar ratio of the control insert DNA to the vector it 
may have been necessary to optimise this if initial experiments were 
suboptimal using the equation
no of vector x kb size of insert X insert: vector molar ratio = ng of insert 
kb size of vector
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A volume of 50 pi of cells was carefully transferred into each tube, gently 
mixed with a pipette tip and placed on ice for 20 min before being heat 
shocked at exactly 42°C for 45-50 s. The tubes were then placed on ice for 2 
min before 950 pi of LB broth was added to the tubes containing cells 
transformed with ligation reactions. The tubes were then shaken for 90 min 
on a shaking platform at 150 rpm in a 37°C incubator. LB plates were spread 
with 100 pi IPTG and 20 pi X-Gal and placed in the incubator at 37°C for 30 
min. Approximately 100 pi of the transformed cells were plated onto 
duplicate antibiotic plates. The plates were inverted and incubated overnight 
at 37°C. The plates were examined the next day for the growth of white 
colonies. To facilitate screening of the plates they were refrigerated for 2-3 
hours.
2.2.5. Screening of colonies using colony PCR
To determine whether colonies contain inserts of the correct size, 5-10 white 
or pale blue colonies were screened using colony PCR. Antibiotic plates 
were prepared with no IPTG/X-Gal. Each plate was divided like a grid -  9 
divisions per plate.
Colony PCR master mixes were made containing (final concentrations) as 
follows for each sample, 10 mM Tris- HCI (pH 8.8). 50 mM KCI, 1.25 mM 
MgCl2, 0.2 mM (each) dNTP, and 20 pmol of each primer ( pTAg 3’and pTAg 
5'). Nuclease free water was added to a final volume of 49pl.
A total volume of the ligation mix (49 pi) was aliquoted into a 0.5 ml thin 
walled PCR reaction tube (PE Applied Biosystems) and overlaid with 1 drop 
of mineral oil (Sigma, Poole, Dorset).
The edge of a large white or pale blue colony was touched with a fine loop 
and streaked onto one section of the grid plate (NB. No colonies were taken 
from the edge of plates spread with IPTG/X-Gal, as they may not have been 
in contact with IPTG/X-Gal). The PCR mix was inoculated with the colony by 
putting the loop into the reaction tube and mixing vigorously. The products
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were visualised by gel electrophoresis on a 2 % agarose gel (NuSieve 3:1, 
Flowgen Instruments Ltd, Sittingbourne, Kent) containing 15 pi per 25 ml 
agar of ethidium bromide. Bands with the correct size of insert were seen as 
a 311/312bp product for NLV (200 bp from the vector plus insert size). A 
random selection of positive clones was subcultured onto fresh LB plates and 
grown overnight. They were stored at 4°C for up to 3 months or were 
subcultured into PROTECT vials for long term storage.
2.2.6. Protect tubes for storage of positive clones
All positive clones were stored long term on PROTECT vials (Protect 
Bacterial Preservers, Technical Service Consultants Ltd, Heywood, 
Lancashire). Protect preservers consist of treated beads in a 
cryopreservative fluid, which are irradiation sterilised. The fluid was
inoculated with a loop of positive clone and mixed. The vial was inverted 6 
times and left to stand for 60 s. As much fluid as possible was removed from 
the vial, which was then stored at -20°C. To regrow the culture, a bead is 
removed aseptically and streaked onto an LB plate and incubated at 37 °C.
2.2.7. Colony PCR amplification parameters.
Amplification of the colony reaction mixes was performed on a Quattro 
thermal cycler according to the following parameters: one cycle of 96°C for 
10 minutes, followed by 30 cycles of 94°C 1 minute, 37°C for 1 minute and 
72°C for 1 minute with a final extension step of 72°C for 10 minutes. The 
primers used in the colony PCR protocol.
Colony PCR Primers.
5' pTAg forward primer GCTAT G ACCAT G ATTACGCCAA 
3' PTAg reverse primer TGTAAAACGACGGCCAGTGAA
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2.2.8 Purification of colony PCR products prior to sequencing.
Purification of colony PCR products containing the correct size of insert was 
carried out prior to sequencing. Purification of the products was achieved 
with the use of 30K Microsep Filters (Flowgen Instruments Ltd, Sittingbourne, 
Kent). A volume of nuclease free water (2 ml) was aliquoted into the upper 
compartment of the filter. Approximately 30pl of the colony PCR product was 
added and mixed thoroughly with a pipette. The Microsep filter was placed in 
a fixed angled rotor centrifuge (MSE) and centrifuged for 35 minutes at 3000 
X g. The supernatant was discarded. A collecting cup was added to the 
base of the Microsep filter and the whole filter inverted. The filter assembly 
was centrifuged for 10 min at approximately 1750 x g. The concentrate was 
collected from the cup and stored at 4°C.
2.3. AUTOMATED SEQUENCING PROTOCOLS
2.3.1 Cycle sequencing.
Both strands of purified PCR products were cycle sequenced using a 
commercially available kit (Big Dye Cycle Sequencing Ready Reaction Kit, 
Perkin Elmer Applied Biosystems, Madison) according to Table 2.3
Table 2.3 Cycle sequencing reaction mix
reaction tubes (2 for each sample) were set up as follows: 
per sample
Reaaent oGem control Samole
Ready reaction mix 8 pi 4 pi
Template (from 30K microsep) 2 pi 4 pl(variable)
Primer 6 pi 10 pmol (either 5’ or 3'pTAg)
Nuclease free water 4 pi 20 pi
Each sample tube was overlaid with mineral oil and amplified on a P.E. 480 
thermal cycler (Perkin Elmer Applied Biosystems) at 96°C 30 seconds, 45°C 
15 seconds, 60°C 4 minutes for 25 cycles. The primers used in the cycle
76
sequence protocol were the same as the pTAg 5’ and 3' used in the colony 
PCR.
2.3.1.1. Purification of cycle sequence PCR products
The cycle sequence PCR products were purified using ethanol precipitation. 
Tubes were set up according to Table 2.4
Table 2.4 Reagents for purification of PCR cycle sequencing products
1/2 volume Full volume
Cycle sequence product 10 pi 20 pi
3M NaAc pH 5.2 10 pi 10 pi
Nuclease free water 80 pi 70 pi
250 pi of 95% ethanol was then added to each tube. The tubes were put on 
ice for exactly 5 min to differentially precipitate the extraneous dNTPs. If the 
PCR product is small <200 bp, ice precipitation is not always necessary. The 
sample tubes were centrifuged (Picofuge, Heraeus, England) at 10,000 x g 
for 15-20 min. All the supernatant was removed, and the pellet washed with 
250 pi of 70% ethanol. The tubes were microfuged again for 2 min. All 
supernatant was removed and the pellet dried under vacuum for 10 min or 
until the tubes were completely dried. The pellets were resuspended in 25 pi 
template suppression reagent (P.E. Applied Biosystems, Madison) by 
vortexing. The sample tubes were microfuged briefly before being denatured 
at 95°C for 2 min. The samples were vortexed and microfuged once more. 
The samples were then transferred to Genetic Analyser tubes with septa 
(P.E. Applied Biosystems) and sequencing performed on an automated 
Sequencer (ABI Prism 310 P.E. Applied Biosystems).
2.3.1.2____ Analysis of data
The sequences were analysed in the Sample Analysis and Sequence 
Navigator software programmes, which are components of the ABI 310 
Sequencer. This programme allows the operator to align sequences, reverse
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complementary sequences and to perform multiple sequence alignments. 
Further alignment analysis was performed on the sequence data using the 
EDITseq and MegaAlign components of Lasergene Software (DNAstar).
2.4 BACTERIAL INDICATORS
2.4.1 Media
Mineral Modified Glutamate Broth (MMGB) Media - Single Strength 
Minerals Modified Glutamate Broth (Oxoid, Basingstoke, England ) 11.4 g/l 
Sodium Glutamate (Oxoid, Basingstoke, England) 6.4 g/l 
Ammonium Chloride (B.D.H., Poole, England) 2.5 g/l 
Stir to dissolve (no heat)
Aliquot into 10 ml volume 
Autoclave 116°C 10 min
Store in 10 ml volumes in universels in the dark at 4°C for 6 months 
maximum.
Mineral Modified Glutamate Broth (MMGB) Media - Double strength 
Minerals Modified Glutamate Broth (Oxoid, Basingstoke, England ) 22.8 g/l 
Sodium Glutamate (Oxoid, Basingstoke, England) 12.8 g/l 
Ammonium Chloride (B.D.H., Poole, England) 5 g/l 
Stir to dissolve (no heat)
Aliquot into 10 ml volume 
Autoclave 116°C 10 min
Store in 10 ml volumes in universels in the dark at 4°C for 6 months 
maximum.
Trvptone Bile Glucuronide Agar (TBGA)
TBGA (Lab M, England )
29.5 g/l de-ionised water
Heat dissolve in boiling distilled water
Autoclave 121°C for 15 min
Dispense 20 ml media into 90 mm petri dishes at 50°C.
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Peptone Water
Neutralised bacteriological peptone (Oxoid, Basingstoke,England)
1g/l distilled water.
Dissolve in hot distilled water. Distribute into bottles and sterilise in an 
autoclave at 121°C ±2°C for 15 min.
2.4.2. Procedure for E. coli enumeration
On arrival at the laboratory, each sample was homogenised (see general 
materials and methods) and the E. coli enumerated. The method used to 
enumerate E. coll in molluscan shellfish is a two-stage, five-tube, three- 
dilution most probable number (MPN) method (Anon., 1992). The first stage 
of the method is a resuscitation step requiring inoculation of mineral modified 
glutamate broth (MMGB) with diluted shellfish homogenates and incubation 
at 37°C for 24 hours. The presence of E. coli is subsequently confirmed by 
subculturing acid-producing tubes onto agar containing 5-bromo-4-chloro-3- 
indolyl-R-D glucuronide and detecting R-glucuronidase activity.
The homogenate was diluted to 10'  ^ by adding 30 ml of mixed shellfish 
homogenate to 70 ml of peptone using a 10 ml open-ended pipette. This 
was thoroughly mixed by inversion. A fresh 10 ml open-ended pipette was 
used to add 10 ml of the 10'^  dilution to 90 ml of peptone to make a 10'  ^
dilution.
Each of the five bottles containing double strength MMGB was inoculated 
with 10 ml of diluted homogenate using a 1 ml open-ended pipette. Each of 
the five bottles of single strength MMGB bottles was inoculated with 1ml of 
the 10'  ^ dilution of homogenate and a further five each inoculated with 1ml of 
the 10'  ^ dilution. One bottle of single strength MMGB was inoculated 10'^  
with E. coli NCTC 9001 and another single strength bottle was inoculated 
with Klebsiella aerogenes as controls. All the bottles were incubated at 
37°C± 1°C for 24 h ± 2 h. After incubation the tubes of MMGB were 
examined for the presence of acid denoted by yellow discoloration of the
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medium. The presence of E. co//was confirmed by sub culturing on to TBGA 
medium on a petri dish. The petri dishes were incubated at 44°C ± 1°C for 
22 ± 2 h. The TBGA was examined for the presence of blue-green colonies. 
The MPN was determined from the number of positive bottles for the dilution 
range tested.
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CHAPTER 3
METHODOLOGY DEVELOPMENT
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3.1 INTRODUCTION
Previous detection methods have been carried out in this laboratory using 
human culturable enterovirus. These viruses are safe to use in the 
laboratory, sequence data were readily available and virus detected by PGR 
could be validated using culture techniques. Moreover the similarity of 
enteroviruses to human enteric RNA viruses (such as NLVs) suggested that 
the methods developed for sample concentration and PGR inhibitor removal 
using enterovirus would be equally applicable to the more clinically important 
pathogens. These previous studies resulted in a specific and sensitive 
method for detection of enterovirus, not only in laboratory contaminated 
shellfish but also in environmentally polluted shellfish (Lees et al., 1995). 
The development of these methods and the determination of genomic RNA 
sequences of Norwalk virus (Jiang et a!., 1990) and other NLVs (Green et 
a/., 1993; Dingle eta!., 1995) made PGR assays for NLVs in shellfish feasible 
for the first time. Several studies have demonstrated the high level of 
sequence diversity among NLVs (Ando et a/., 1995b; Green et a/., 1993; 
Green et a/., 1995; Norcott et a/., 1994; Wang et a/., 1994) and this has led to 
difficulty in designing primers that will detect most of the circulating strains. 
Pan reactive primers are still not available.
We have developed a shellfish extraction procedure, optimised for the 
removal of RT-PGR amplification inhibitors (Lees et a/., 1994) and this has 
been used successfully to detect enteroviruses in naturally polluted field 
samples (Lees et a/., 1995). However, the selection of appropriate NLV 
primer sets was required before these procedures could be applied to NLV 
detection in environmentally polluted shellfish samples. The NI-E3 set 
chosen had been demonstrated to react with most NLV strains circulating in 
the United Kingdom (Green et a/., 1995). We collaborated with the Enteric 
and Respiratory Virus Laboratory (ERVL) Golindale and this led to the 
development of a NLV PGR. This was combined with the viral extraction 
techniques already developed and was successful in detecting NLVs in 
shellfish associated with outbreaks of human disease and in the random 
testing of shellfish sold for consumption (Lees et a/., 1995b). This was the
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first demonstration of the direct detection of viruses causing human gastro­
enteritis in shellfish. However, positive results were frequently detectable 
only through the added sensitivity of Southern blot hybridisation of RT-PCR 
amplicons with a pool of four NLV specific oligonucleotide probes. This 
indicated that the single round RT-PCR was operating at the limits of 
sensitivity. This hindered attempts to confirm positives by sequencing of the 
amplicons and to genotype the NLVs detected.
Collaborative work with the Enteric and Respiratory Virus Laboratory (ERVL) 
Golindale resulted in the development of a nested RT-PGR for the detection 
of NLVs which should overcome these sensitivity limitations. The sensitivity 
of the nested assay was evaluated in comparison with single round RT-PGR 
on dilutions of five faecal samples containing genetically distinct NLVs from 
both genogroups. It was necessary to determine the sensitivity of the assay 
using a range of strains because genomic diversity among the NLVs may 
lead to primer mismatches with some strains and this may decrease the 
sensitivity of detection. Substantial increases in sensitivity (10'^-10’® fold) over 
the direct single round RT-PGR was achieved by the nested procedure for all 
five strains (See Annexe 1). This demonstrated that the nested RT-PGR 
gave a higher sensitivity of detection than the single round RT-PGR for both 
Genogroup I and Genogroup I I  strains in faecal samples.
A panel of 21 faecal samples representing the broad range of diversity found 
among Genogroup I and Genogroup I I  strains, was used to evaluate the 
specificity of the nested assay. These strains have been detected in clinical 
material over the previous 9 years and therefore may be anticipated to be 
present in faecally polluted shellfish. The nested RT-PGR was found to show 
wider cross-reactivity than the single round RT-PGR (ERVL, Golindale). The 
nested RT-PGR detected 4 of 8 Genogroup I strains and 12 of 13 
Genogroup I I  strains. However the performance of the assay against G1 
strains was less specific and although ideally an assay should detect all 
strains, a "catch all" primer pair has still to be identified. Data (Green et al.,
1994) have shown that Genogroup I I  strains have predominated in recent 
years and the nested RT-PGR detected the large majority of these strains.
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These results suggest that the nested RT-PCR has both greater sensitivity 
and specificity and should increase the range of strains detectable in shellfish 
samples
The objective of the work described in this chapter was to evaluate the 
nested RT-PCR for use in shellfish samples and to determine its sensitivity 
and limitations. Further work was carried out to develop cloning and 
sequencing methodologies for post PGR characterisation. These methods 
are necessary to fully utilise the potential of the PGR procedures for 
investigation of NLV contamination of shellfish in harvesting areas and in 
outbreaks. Cloning positive amplicons prior to sequencing may suggest the 
presence of more than one strain of NLV in a shellfish sample and allow 
identification of the virus strains concerned. This is important for future 
molecular epidemiology studies.
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3.2 METHODOLOGY
3.2.1 Preparation of faecal extracts
A well-characterised stool sample shown to contain NLVs by electron 
microscope and RT-PCR was used to seed shellfish. The NLV strain in this 
sample had previously been identified as Genogroup I I  and was most closely 
related to Mexico virus (Dr J Green, personal communication). Since strains 
resembling Mexico strains have not been detected in the UK during the past 
3 years this strain would be readily distinguished from environmental strains 
and thus contamination derived from the positive control would be 
identifiable.
Faecal extracts were prepared from a 1:10 dilution (wt/vol.) of stool in PBSa 
This was thoroughly mixed and centrifuged at 3000 x g for 5 minutes. The 
supernatant was removed and stored at 4°C until required. Further dilutions 
were made from this stock for seeding experiments (1:1000,1:5000,1:10,000 
and 1:50:000)
3.2.2 Shellfish
3.2.2. 1_____Preparation of shellfish matrix for seeding experiments
Commercially depurated Pacific oysters (Crassostrea gigas) were obtained 
from an unpolluted (Category A) harvesting area. 50g of shellfish flesh was 
processed as previously described (Lees et al., 1994). Extracts were 
subjected to the virus extraction and purification protocol (Lees et al., 1994). 
Following the final purification and concentration step, concentrates were 
reconstituted to a final volume of 2.6 ml for use in seeding experiments.
3.2.2. 2_____Field Samples:
Pacific oysters (Crassostrea gigas) were obtained from a variety of 
commercial harvesting areas in both England and Ireland. These harvesting 
areas were subject to varying levels of pollution. Shellfish flesh (50g) was
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processed, and virus extracted and purified as described earlier prior to 
analysis in the NLV RT-PCR
S.2.2.3 Outbreak Samples:
Pacific oysters (Crassostrea gigas) associated with a clinical outbreak of 
gastro-enteritis in Suffolk, England affecting 10 people were obtained from 
the restaurant implicated. The restaurant also had tank facilities in which 
oysters were stored prior to serving. Shellfish were also received from this 
holding tank for analysis in the NLV RT-PCR
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3.3. RESULTS
3.3.1 Development of a nested RT-PCR assay for the NLVs and 
evaluation of its specificity and sensitivity
3.3.1.1. Primer design
Nested PCR primers were designed by our collaborating laboratory, ERVL 
(PHLS, Golindale) using alignments of the RNA polymerase region from 
published NLV Genomic sequences. The primers chosen used a first round 
amplification with a combination of three broadly reactive primers designated 
Gl, G2, and SM31 (Table 3.1). The positive sense primers, Gl and G2 were 
designed to anneal specifically with Genogroup I and Genogroup I I  strains 
respectively. The SM 31 primer has previously been described (Norcott et 
al., 1994) The internal nested primers were a previously described primer 
pair, NI-E3, (Table 3.1) which amplify a 113 bp region of the RNA 
polymerase gene and have been shown to detect more than 90% of the 
strains which were circulating in the UK in 1993 and 1994 (Green et a!.,
1995). Primer locations and PCR products are illustrated in Figure 3.6. Full 
details of these aspects of the work are reported in our collaborative 
publication (Green et a!., 1998) attached as Appendix 1. The reaction of the 
nested RT-PCR against both NLV genogroups is further discussed in Section
3.3.3. The location of the final primer sets used, and the PCR products 
generated are illustrated in Figure 3.6.
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Primer Orientation Target
genogroup(s)
Genomic
location®
DNA sequence
Gl Sense I 4679- TCNGAAATGGATGTTGG
4696
G2 Sense I I 4338- AGCCNTNGAAATNATGGT
4355
SM31 Antisense I 4871- CGATTTCATCATCACCATA
4853
II 4607-
4588
NI Sense I 4756- GAATTCCATCGCCCACTGG
4776 CT
II 4492-
4512
E3 Antisense I 4869- ATCTCATCATCACCATA
4853
II 4605-
4588
Table 3.1 Primer sequences and locations
® Genomic locations (in nucleotides) for Genogroup I strains and Genogroup 
I I  strains refer to Norwalk virus and Lordsdale virus, respectively.
3.3.1.2 Evaluation of the sensitivity of the nested RT-PCR test in
shellfish.
Following development of the nested RT-PCR test and evaluation of its 
sensitivity and specificity for faecal samples by ERVL (PHLS, Colindale) (as 
described in Annexe 1) the nested RT-PCR was further evaluated in this 
study for its ability to detect NLV contamination in shellfish. A major 
consideration in these studies is that complex environmental samples such 
as molluscan shellfish have been shown to contain powerful inhibitors to the 
Reverse Transcriptase and Taq Polymerase enzymes used in RT-PCR 
procedures. In order to assess the sensitivity of the nested RT-PCR when 
exposed to a shellfish matrix, seeding experiments were undertaken whereby 
control virus was introduced into shellfish matrix extracts.
3.3.1.2.1 Effect on sensitivity of the nested NLV RT-PCR using faecal 
material in PBSa as a diiuent
Initially PBSa was seeded with NLV faecal extracts, to determine the 
sensitivity of the assay in the absence of a shellfish matrix. 400 |liI were used 
in this experiment consisting of 350ul PBSa with 50 |il of NLV faecal extract 
diluted 1:100, 1:500, 1:1,000, 1:5,000, 1:10,000 and 1:50,000. The nucleic 
acid extraction procedure (see general material and methods) was performed 
on all samples in duplicate. To compare the sensitivities of each primer set 
for the detection of NLVs in PBSa, one extract from each sample was 
analysed using the single round RT-PCR with the original primer set NI/E3. 
A duplicate extract was analysed by the newly developed nested RT-PCR 
assay. A result was taken as positive if a band of the correct molecular 
weight was visualised on an ethidium bromide stained gel.
The results using the original single round test and the first round of the 
nested RT-PCR were similar. Gel electrophoresis of PCR amplicons showed 
that positive bands were seen in both cases at a 1:1000 dilution of faecal 
extract (Figure. 3.1, gels A and B). By contrast, greatly improved sensitivity
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was observed with the second round of the nested RT-PCR. Gel 
electrophoresis of PCR amplicons showed that positive bands were clearly 
visible down to the 1:10,000 dilution (Figure 3.1 gel C) representing a 10 fold 
increase in assay sensitivity. This increase in detection limit confirmed the 
previous data from ERVL (PHLS, Colindale) using clinical material (Annexe 
1).
3.3.1.2.2 Effect of shellfish matrix on the sensitivity of the nested RT-
PCR
Once the sensitivities of the nested RT-PCR assay had been determined in 
PBSa, further experiments were conducted to determine the effect of 
shellfish extract. 350 \x\ of shellfish concentrate (equivalent to 7g of shellfish 
meat) was seeded with 50 \i\ of diluted NLV faecal extract (as above) prior to 
nucleic acid extraction. Both single round RT-PCR and nested RT-PCR 
analysis was carried out on all samples as before. Unlike experiments using 
PBSa however, inoculation of shellfish extracts into the sample matrix 
significantly inhibited the single round RT-PCR as demonstrated by the lack 
of positive amplicons using either the original single round primer set NI/E3 
or the first round of the nested RT-PCR using either primer set G2-SM31 
(Figure 3.1, gels D and E). However, gel electrophoresis of the nested 
second round RT-PCR amplicons showed positive bands in the seeded 
shellfish extracts, up to the 1:5,000 dilution, (Figure 3.1 gel F). This showed 
a minimum increase in sensitivity of 50-fold over the single round RT-PCR, 
and was only twofold less than that shown by the NLV seeded PBSa only 
samples. Therefore these results showed, not only a significant increase in 
the sensitivity of the nested RT-PCR over the single round RT-PCR but the 
nested assay overcame most of the residual inhibition that exists in the 
shellfish extracts after normal preparation procedures.
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3.3.2. Evaluation of the nested RT-PCR for the detection of NLVs in a
range of shellfish samples.
Finally the nested RT-PCR assay was evaluated using environmentally 
polluted samples. Previous work by this laboratory has shown that RT-PCR 
inhibition is significantly influenced by the degree of shellfish pollution and 
that techniques may require further refinement to overcome such difficulties. 
The samples chosen for analysis were from harvesting areas in England and 
Ireland and also shellfish associated with a food poisoning incident. The 
increased sensitivity of the nested RT-PCR when applied to environmental 
samples, may be a valuable tool for monitoring the levels of viral 
contamination in end product shellfish i.e., shellfish that are sold directly to 
the consumer and also the monitoring of the effectiveness of commercial 
depuration.
3.3.2.1 Field samples
Shellfish samples were obtained from three harvesting areas subjected to 
varying degrees of pollution. Samples were processed, virus extracted and 
purified. The nucleic acid extraction procedure was carried out on duplicate 
sets of samples. One set of samples was analysed for the presence of NLVs 
using the original primer set NI/E3. The nested RT-PCR assay was 
performed on the duplicate samples. Gel electrophoresis of the single round 
RT-PCR amplicons showed some samples as weakly positive (Figure 3.2, 
Gels A, B, and C Lane 2). In contrast the nested RT-PCR assay showed 
bright strong bands for two of the environmental samples. (Figure 3.2, Gels 
A and C Lane 4) and a fainter band for the other (Figure 3.2, Gel B). This 
showed either increased sensitivity or decreased inhibitory effect with the 
nested RT-PCR. Furthermore, nested RT-PCR amplicon bands were likely 
to be suitable for further characterisation by, for example, sequencing
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3.3.2. 2____ Outbreak samples
Two batches of shellfish implicated in an outbreak of enteric illness were 
received from a restaurant. One sample was from a batch served in the 
restaurant and the other from a small holding tank where the shellfish were 
stored prior to serving. The shellfish flesh, from both samples was 
processed, virus extracted and purified. The nucleic acid was extracted from 
the purified concentrates and both the single round RT-PCR using the 
original primer set NI/E3, and the new nested RT-PCR assay, were 
performed on all samples. NLV specific amplicons were not visible by gel 
electrophoresis on either sample following the single round (NI/E3) RT-PCR. 
However both samples gave positive bands by nested RT-PCR (Figure 3.3, 
Gels A and B lane 4)
3.3.2. 3____ Effectiveness of the nested RT-PCR assav for the monitoring of
end product shellfish
As part of the evaluation of the nested NLV RT-PCR a small study was 
undertaken to evaluate the effectiveness of the nested RT-PCR in the 
determination of viral contamination of shellfish sold to the consumer. Oyster 
samples (C.gigas) were obtained from a commercial plant both before and 
after they had been through the depuration process. This particular plant had 
been associated with outbreaks of infectious disease due to the consumption 
of oysters. As part of a separate study by this laboratory samples were 
received from this supplier on a fortnightly basis. They were analysed for 
both E. coli and an indicator of faecal pollution F+ bacteriophage (results not 
shown). The remainder of the sample was frozen at -20°C for subsequent 
NLV analysis. The nested RT-PCR assay was applied to depurated samples 
received from the supplier between early March and the beginning of June. 
NLVs were detected in three out of four samples taken in March 1996 (Figure 
3.4) but not in the later samples taken from the supplier during April and June 
1996.
Initial evaluation suggested that the nested RT-PCR was sufficiently sensitive 
to be useful for the detection of viral contamination in marketed shellfish.
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Ba
Figure 3.3:Application of nested RT-PCR to outbreak samples
Gels A and B show results of samples implicated in two outbreaks of gastro­
enteritis; Lane 1: 1 Kb-marker, Lane 2: Single round RT - PCR products, Lane 
3: Nested RT - PCR first round products, Lane 4: Nested RT - PCR second 
round products, Lane 5: Nested RT - PCR positive control.
Arrow heads denote position of second round RT-PCR products (113bp).
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Figure 3.4: Application of nested PCR for monitoring 
oysters sold for consumption.
Products from a commercial shellfish supplier associated with 
gastro-enteritis incidents were tested for NLVs; Lane 1: 1 Kb- 
marker, Lane 2: result for shellfish dated 8.3.96, Lane 3; 
14.3.96, Lane 4: 22.3.96, Lane 5; 29.3.96, Lane 6: 26.4.96, 
Lane 7: 7.6.96, Lane 8: nested RT-PCR positive control. 
Arrowhead denotes position of nested PCR product.(113bp)
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3.3.2.4 Evaluation of nested RT-PCR for detection of NLVs during
shellfish depuration studies
The nested RT-PCR assay was used on batches of oysters (C.gigas) taken 
before and after the purification process to assess the effectiveness of 
commercial purification for the removal of NLVs from shellfish. The results 
showed that, although a reduction in virus titre was apparent (as judged by 
the band intensity) NLVs were not reliably eliminated during the cleansing 
process (Figure 3.5). This explains why, if the oysters are eaten raw or 
lightly cooked, frequent outbreaks of shellfish associated gastro-enteritis can 
occur, even though the shellfish have been commercially purified.
These findings showed that, the nested RT-PCR showed increased 
sensitivity and decreased susceptibility to inhibitory substances than the 
single round (NI/E3) RT-PCR for both outbreak and environmental samples. 
This suggests that the nested RT-PCR may overcome the limitations 
previously associated with this type of sample. Furthermore, DNA amplicon 
bands were clear and should be suitable for further characterisation by 
cloning and sequencing
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Figure 3.5: Effect of shellfish purification on NLV 
content.
The nested RT-PCR was applied to shellfish both before 
and after commercial purification; Lane 1: 1 Kb-marker, 
Lane 2: batch dated 29.3.96 before purification. Lane 3: 
batch dated 29.3.96 after purification. Lane 4: batch 
dated 22.2.96 before purification, Lane 5; batch dated 
22.2.96 after purification. Lane 6; batch dated 14.3.96 
before purification. Lane 7: batch dated 14.3.96 after 
purification, Lane 8: nested RT-PCR positive control.
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3.3.3. Genogroup I  Specific Primer
The above work shows that both the nested RT-PCR test, and the single 
round RT-PCR have different sensitivities for Genogroup I and Genogroup II  
strains. The assay showed decreased sensitivity for the Genogroup I strains 
therefore during this study an additional internal primer was designed by 
ERVL (PHLS, Colindale). It is a degenerate sense primer that combines with 
the antisense primer E3.
The first round of the assay is the combination of the GI-SM31 primer set, 
which gives a 190bp product. This was visualised by gel electrophoresis 
during primer development using clinical faecal material. The nested RT- 
PCR gives a second round product of 112bp. Both sets of nested second 
round primers are now routinely used and this has increased both the 
sensitivity and specificity of the assay for both genogroups. (Data presented 
in Chapter 4). The final configuration of the nested PCR assay for the NLVs 
is illustrated in Figure 3.6. This shows PCR primer locations and the size 
and position of PCR products produced.
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Figure 3.6: Schematic diagram of nested PCR for NLVs
Genome organisation of Norwalk virus. The first ORF encodes the non- 
structural proteins: ORF 2 encodes the capsid protein: and ORF 3 encoded a 
small basic protein
The Polymerase region (red) shows the location and positions of the forward 
Genogroup I (Gl) and Genogroup I I  (G II) primers and the reverse SM31 
primer
The position of the internal nested forward primers Gl Ando and G II NI 
Is marked together with the reverse E3 primer which is analogous for both 
genogroups
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3.3.4 Development of cloning methodologies for nested RT-PCR 
products.
Further characterisation of viruses involved in shellfish contamination 
requires additional methodology development such as cloning and 
sequencing
3.3.4. 1_____ Selection of positive RT-PCR products to develop cloning
strategies
Samples selected from those used in the initial evaluation stages for cloning 
were Group A contained samples yielding bright strong bands on gel 
electrophoresis. Group B samples also showed clear bands but were fainter 
either because they contained fewer RNA templates or contained inhibitory 
compounds that affected the amplification procedure. The final group (0) 
gave only weak RT-PCR products, which showed as indistinct bands on an 
agarose gel. This could have been due to low virus titre, inhibition or a false 
positive reaction. These various types of PCR products are illustrated in 
Figure 3.7.
3.3.4. 2 Purification of nested RT-PCR products prior to cloning
These products from each group were purified prior to use in the cloning 
protocol. The purification step separated PCR products from unincorporated 
reaction components, and a Chromaspin 100-column chromatography was 
used as a fast efficient method for purifying nested RT-PCR positive 
amplicons. As purification procedures may result in some loss of sample, 
recovery was checked on an agarose gel. Although recovery was good for 
both groups A and B only a very faint or no band was visible after the 
purification of the Group C products. If no bands were present, the samples 
were re-nested and repurified using increased sample template. If it was still 
not possible to purify a weak sample and see a visible band for cloning, the 
sample was either re-extracted from the whole shellfish stage or if this was 
not possible due to lack of material the sample was counted as negative.
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8Figure 3.7: Selection of positive nested RT-PCR products to 
develop cloning strategies.
Lanes 1 and 8: 1 Kb-marker, Lanes 2 and 3: Group A positive RT- 
PCR products, Lanes 4 and 5: Group B positive RT-PCR products. 
Lanes 6 and 7: Group C positive RT-PCR products. Arrowhead 
denotes position of nested RT-PCR product.(112/113bp)
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3.3.4.3. Cloning into a plasmid vector.
Following the purification of the nested RT-PCR products, positive amplicons 
were inserted into a plasmid vector using a commercial cloning scheme 
(pGEM-T). This kit exploits the template-independent terminal transferase 
activity of some polymerases, including Taq. This activity results in the 
addition of a single deoxyadenosine to the 3’ ends of the PCR amplified 
fragments. The pGEM T vectors are derived from a pPU backbone and were 
prepared by cutting Promega's pGEM-5Zf (+) with EcoR V and adding a 3’ 
terminal thymidine to both ends. These 3' overhangs at the insertion site 
greatly improve the efficiency of ligation of PCR product into the plasmid by 
preventing recirculation of the vector and providing a compatible overhang for 
PCR products. After overnight ligation the plasmid was used to transform E. 
coH using high efficiency competent cells. Transformants were selected on 
LB plates supplemented with ampicillin as a marker and IPTG/X-gal. 
Although the manufacturers of the kit (Promega) claim to obtain, on average 
100 colonies per plate, this is not the count for nested RT-PCR products from 
shellfish. The counts were usually less than half this amount, especially, if 
the initial product was extremely weak. Our results showed that it was vital to 
use LB plates less than one month old and if possible fresh LB plates were 
used as these gave the greatest number of colonies.
3.3.4.5 Rapid PCR screen for recombinants
White or light blue colonies and thus presumptive transformants were rapidly 
screened for the presence or absence of inserts by colony PCR. This PCR 
uses primers that anneal approximately lOObp either side of the cloning site. 
Thus non-recombinant transformants yield a band of 200bp whilst 
recombinants are identified as larger bands (200bp plus size of insert). A 
bulk PCR master mix containing both the pTAg 5’ and pTag 3’ primers was 
aliquoted into thin walled PCR tubes. A sterile loop was gently touched 
against the edge of a white or pale blue colony (It was important to only take 
a minute amount, as too many bacteria would inhibit the PCR reaction). 
Cells were transferred to a LB plate marked out in a grid and any remaining
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bacteria were touched with the loop and marked. The loop was then used to 
inoculate a tube containing the PCR mix by vigorous mixing, and the tube 
marked correspondingly to the plate. Minimums of 5 clones were taken for 
each sample. The results are shown in Figures1.8, 1.9 and 1.10. All group A 
samples showed inserts of the correct size (Figure 3.8). The results for 
Group B and C were variable (Figures 3.9 and 3.10). There were some 
inserts of the correct size (313bp), some non-recombinants (200bp) and 
there were also bands, which although they were not exactly the correct size 
were taken for further evaluation by sequencing.
3.3.5 Sequencing from nested RT-PCR products
3.3.5.1_____ Sequencing chemistrv
All sequencing was performed on a Perkin Elmer ABI 310 Genetic Analyser. 
However, with the ABI PRISM™ kits, which are used with the machine, 
fluorescent dye labels can be incorporated into DNA extension products 
using either 5’-dye labelled primers (dye primers) or 3’-dye labelled 
dideoxynucleotide triphosphates (dye terminators). As both methods can be 
used for cycle sequencing, the most appropriate labelling method to use 
depends on the sequencing objectives, the performance characteristics of 
each method and on personal preference.
104
Figure 3.8: Colony PGR-Group A .
A selection of white colonies from Group A were analysed for 
recombinants containing the correct size of insert using colony PGR; 
Lane 1: 1 Kb-marker, Lane 4: non-recombinant, Lanes 2, 3, 5-7: 
recombinants. Arrowhead denotes position of 
recombinant.(212/213bp)
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Figure 3.9: Colony PCR-Group B.
A selection of white colonies from Group B were analysed for 
recombinants containing the correct size of insert using colony PCR; 
Lane 1: 1 Kb-marker, Lanes 2-4; non-recombinants. Lanes 5-7: 
recombinants. Arrowhead denotes position of recombinant.(212/213bp)
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Figure 3.10: Colony PCR-Group C.
A selection of white colonies from Group G were analysed for 
recombinants containing the correct size of insert using colony PGR; 
Lane 1: 1 Kb-marker, Lanes 2-4 and 6: non-recombinants. Lane 5: 
recombinant. Arrowhead denotes position of 
recombinant. (212/213bp)
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3.3.5.2 Choice of Sequencing Chemistry
With dye terminator labelling, each of the four dideoxy terminators (ddNTPs) 
is tagged with a different fluorescent dye. Thus, the growing chain is 
simultaneously terminated and labelled with the dye that corresponds to that 
base. The advantages of this method are that the reactions are set up in a 
single tube, unlabelled sequencing primers can be used making it possible to 
use one of the colony PCR primers as the sequencing primer. False 
termination products do not appear, as a dye -labelled dideoxynucleotide 
must be incorporated in order for a fragment to be detected. Dye terminators 
also require fewer pipetting steps than dye primers since the reactions are 
performed in a single tube. This chemistry uses the lowest amount of 
starting DNA template. The disadvantages to this method are that after 
amplification, if PCR primers are carried through to a dye terminator cycle 
sequence reaction, both PCR primers can act as sequencing primers, 
resulting in generation of additional sets of sequencing reaction products 
making it impossible to interpret the data. This method therefore, cannot be 
used for direct sequencing (that is sequencing without purification of the 
colony PCR product). The amount of work to generate template DNA is 
therefore greater. The second disadvantage is that peak heights are less 
even than with dye primers sequencing and more manual interpretation of 
the data must be performed to check for false negatives or positives.
With dye primer labelling, extension products are identified by using primers 
tagged with four different fluorescent dyes in four separate base specific 
reactions. The products from these four reactions are then combined for use 
in the ABI 310. The advantages of using dye labelled primers are that 
labelled primers are available for common primer sites. Dye primers 
generally produce more even signal intensities among bases, and give longer 
read lengths than dye terminators.
Although the DNA template preparation may be more difficult using dye 
terminator chemistry to sequence NLV RT-PCR products amplified from 
shellfish, this chemistry was chosen over dye primer labelling. The main
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advantage, apart from single tube set up which would enable faster set up 
procedures, was that this chemistry required the lowest amount of DNA 
template. As some shellfish samples only gave a weak band after 
purification of the colony PCR products, (see section 3.3.4.2) the initial 
concentration required in a sequence reaction could be extremely important. 
The ABI Prism DNA sequencing kits may be used with either AmpliTaq® 
DNA Polymerase FS or Sequenase DNA Polymerase. Although Sequenase 
has the advantage of a long length of read in the sequencing reaction, this is 
not necessary for this application. Therefore Amplitaq FS was the enzyme of 
choice for the dye terminator sequencing reaction.
3.3.5. 4____ Purification of Colonv PCR products for sequencing
Colony PCR products were purified by column purification using a 
commercial kits (QIAquick PCR purification Kit). This kit purifies colony PCR 
products by absorbing DNA to a silica gel membrane in a binding buffer. The 
protocol separates oligonucleotides of 40 bases or less from the PCR 
product. Although the protocol is said to be compatible with ABI PRISM 
fluorescent sequencing chemistries (Qiagen Product GuideJ the sequencing 
data generated with this approach was extremely variable and this was 
attributed loss of PCR product (Figure 3.11) using this purification process. 
Alternatively PCR products were purified by ultrafiltration through a 
microconcentrators (Microsep filters 100K Microsep, 50K Microsep and 30K 
Microsep). The results clearly showed that 30K Microsep filters gave the best 
and most consistent recovery (Figures 3.12 and 3.13). This experiment was 
repeated five times using a random selection of colony PCR products. The 
Microsep 30K filter consistently gave the best recovery and was adopted as 
the standard method of purification for colony PCR products prior to 
sequencing (Fig 3.13).
3.3.5. 5____ Cvcle sequencing
Cycle sequencing is a simple method in which both strands of the nested RT- 
PCR products are sequenced using the 5’pTag primer in one reaction mix
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and a duplicate mix containing 3'pTAg primer. Successive rounds of 
dénaturation, annealing and extension result in linear amplification of 
extension products. The advantages of cycle sequencing with Amplitaq DNA 
Polymerase FS is that the protocols are robust and easy to perform, high 
temperatures reduce secondary structure, allowing for more complete 
extension as well as reducing secondary primer to template annealing. This 
method however requires the complete removal of unincorporated 
fluorescently labelled ddNTPs dye terminators from the cycle sequencing 
reaction mix. The dye terminators were removed by differential precipitation 
using ethanol. The results of incomplete removal of the ddNTPs are shown 
in Figure 3.14. The data illustrates that residual unincorporated dye 
terminators obscured the entire sequence. The incomplete removal of 
excessive dyes is still an occasional problem.
no
BFigure 3.11: Pre and post Qiagen purification.
Gel pictures show the loss of Colony PCR product. Gel picture A: 
pre-Qiagen purification; Gel picture B: post-Qiagen purification. 
Arrowhead denotes the correct position of colony PCR product 
(212/213bp).
I l l
Figure 3.12: Microsep concentration.
Gel picture shows product recovery. Lane 1: 100k microsep, Lane 2: 30k 
microsep, Lane 3; 50k microsep.
Arrowhead denotes correct position of product (212/213 bp)
112
8Figure 3.13: Purification using 30K microseps.
Colony PCR products are purified before cycle sequencing; Lane 1: 
1 Kb-marker, Lanes 2-8: purified PCR product. Arrowhead denotes 
position of purified colony PCR product. (212/2132bp)
113
3.3.5.6_____ Analysis of data
Sequence data was initially analysed by eye, using Sequence Navigator 
software. Both strands of the PCR product were sequenced, and ambiguities 
in base calling resolved by comparison of ABI 310 chromatograms. 
Consensus sequence was computed from clones showing comparable 
alignments (illustrated in Figure 3.15a). However occasionally clones from 
the same PCR product showed unrelated sequence data (Figure 3.15b). 
This probably represents cloning of representatives of a mixed NLV 
population in the original sample. Further alignment analysis of readable 
data (Figure 3.16) was done in the EDITseq and MegAlign components of 
the Lasergene Software.
All positive nested RT-PCR products are now cloned before DNA sequencing 
using the above methods (Fig 3.17).
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Figure3.17 Diagramatîc illustration of the cloning scheme for nested RT-PCR 
products
1
Nested PCR product, 
generated with single 
A overhangs 113bp
LacZ intermjpt(
Amp r
(Not to scale)
Ligate to single T 
overhangs on pGEM 
T vector provided
Transform competent 
cells
Plate and screen for 
white colonies, which 
indicate interruption 
of Lac Z gene.
Colony PCR; 5 
white colonies
i
Correct insert 
purified: using 30K 
Microsep 
(Flowgen)
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Lanes 1, 2 & 3 
incorrect insert size 
Lanes 4, 5 & 6 
correct insert size
'^919/91'^
Cycle sequenced 
with ABI Prism Dye 
Terminator Kit
Automated sequence 
analysis
*pGEM® I  refers to a commercially prepared vector (Promega, UK)) for the 
cloning of PCR products
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3.4. DISCUSSION
The Norwalk-like viruses or Small Round Structured Viruses are important 
human pathogens that are frequently associated with gastro-enteritis 
following consumption of sewage contaminated shellfish (Murphy and 
Grohmann, 1980; Richards, 1985c; Morse et al., 1986). In many outbreaks of 
shellfish-transmitted disease, the causative agent has not been identified due 
to the lack of a sensitive method for analysis of environmental samples and a 
failure to identify the outbreak rapidly so that shellfish directly implicated in an 
outbreak can be collected for analysis.
Alternative PCR formats for enhancing test sensitivity and specificity have 
been proposed and successfully applied to environmental samples. Nested 
PCR uses a second set of internal primers and a second round amplification. 
In clinical samples, nested PCR reportedly has sensitivities of close to a 
single molecule of viral nucleic acid (Kammerer et al., 1994; Severini et a!.,
1993). Nested or semi-nested PCR tests have recently successfully detected 
enteric viruses in sewage, water, sediment and seeded shellfish samples 
(Kopecka eta!., 1993; Le Guyader eta!., 1994; Crocci eta!., 1999). A recent 
paper evaluated a semi-nested system for NLVs and enteric viruses in 
seafood (mussels, shrimps and oysters) seeded with poliovirus vaccine and 
stool suspensions of NLVs (Hafliger et a/., 1997). NLVs were detected in the 
seeded seafood samples within the range reported by others (Atmar et a/., 
1993; Jaykus et a/., 1993b). Interestingly, during this study a remarkable 
variability in recovery rates of NLV virus was observed from seeded oysters, 
which gave poorer results than mussels and shrimps. The reason for this 
difference is not known but it had already been reported by others (Bouchriti 
eta!., 1994; Lees eta!., 1995b).
The sensitivity of the nested RT-PCR assay was assessed by the ERVL 
(PHLS, Colindale) using clinical samples containing genetically distinct NLVs 
from both genogroups. The results showed that nested RT-PCR gave 
increased sensitivity over the previously used single round RT-PCR for both 
genogroups. This is important as the levels of NLV in shellfish, especially
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after purification may be low (Metcalf, 1982) and unlike most bacterial agents 
of food borne illness viral agents generally require a low infectious dose, 
possible as low as one infectious virus particle (Kraa, 1995).
Although a significant increase in sensitivity was seen with seeded samples it 
was necessary to evaluate the nested assay on a range of environmental 
samples. Previous work had shown that the degree of pollution of a field 
sample would have a direct effect on the inhibition of the PCR (Lees et al.,
1994). Therefore ranges of samples were chosen to represent the levels of 
pollution and associated viral titres found in environmental samples. The 
nested RT-PCR showed increased sensitivity over the single round RT-PCR 
on shellfish from harvesting areas with varying levels of pollution, and further 
that the amplicons bands were suitable for further characterisation. A similar 
result was seen when the nested RT-PCR assay was applied to shellfish 
implicated in a food poisoning incident. This is significant, as the detection of 
NLVs in shellfish associated with outbreaks has previously been found to be 
difficult possibly due to low levels of NLV contamination likely to be 
associated with commercially processed shellfish. Most harvested shellfish 
must go through a purification process, before they can be placed on the 
market (Anon, 1991b). Although this does not remove viral contamination, it 
may be reduced to a low level by the depuration /relaying process. Previous 
work had detected NLVs in outbreak samples, but only through the additional 
sensitivity of Southern blot hybridisation. (Lees et al., 1995b). It is important 
to be able to detect virus in such samples and to be able to characterise 
them by sequencing for epidemiological investigations, which may also help, 
identify the harvesting area involved.
The ability to detect NLV in shellfish causing outbreaks has not been 
achieved by other workers using RT-PCR methods. Although progress has 
been made in developing methods for detection of viruses in shellfish (Atmar 
et ai, 1993; Atmar ef a/., 1995c; Le Guyader ef a/., 1996) only this laboratory, 
(Lees et al., 1995b) and workers from Japan (Sugieda et al., 1996) have 
described the identification of NLVs in shellfish associated with 
gastrointestinal illness. The methods developed in this thesis may have had
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the required sensitivity to detect NLVs in previous outbreaks such as the 
large multistate outbreak in the US (Ando et al., 1995b; Dowell et al., 1995).
One of the problems of the use of molecular methods to detect viruses is the 
presence of inhibitors in environmental samples that can obscure detection of 
viral nucleic acid. This is usually due to the polysaccharides found in 
shellfish. Various methods have been proposed for the elimination of 
inhibitory substances (Atmar et al., 1995; Zhou et al., 1991; Jaykus et al., 
1996). Previous studies in this laboratory (Lees et al., 1994; Lees et al.,
1995), have shown the potent inhibitory potential of molluscan shellfish 
extracts for RT and/or Taq polymerase enzymes used in the RT-PCR assay. 
This inhibitory effect could be clearly seen when faecal material was seeded 
in the presence or absence of a shellfish matrix. There was significant 
inhibition of the single round RT-PCR when shellfish extracts were present in 
the sample, thus reducing the assay sensitivity. The nested RT-PCR 
developed in this study, not only showed a significant increase in sensitivity 
over the single round RT-PCR but the nested assay overcame most of the 
residual inhibition that exists in shellfish after normal extraction procedures.
To assess the full potential of the nested NLV assay, a small number of 
validation studies were performed. The levels of contamination in processed 
shellfish were investigated by applying the assay to shellfish from a 
harvesting site previously implicated in outbreaks of gastro-enteritis. The 
nested RT-PCR successfully detected NLVs in some of the end product 
samples. Interestingly shellfish containing NLVs were sampled in March 
whereas other samples taken from the supplier during April and June were 
negative. This findings correlates with the known epidemiological data for 
enteric virus infection which is a predominately winter disease (PHLS Viral 
Gastroenteritis Sub-Committee, 1993). However further work is required and 
is described in Chapter 4.
Another small validation study was done to monitor the effectiveness of the 
nested RT-PCR for detection of NLVs in shellfish taken from the harvesting 
area before the purification treatment process, and to compare these findings
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with depurated shellfish. These initial results suggested that although the 
commercial depuration routinely applied to these oysters appeared to reduce 
virus content, NLVs were not reliably eliminated. This finding correlates with 
previous studies in this laboratory showing those potential bacteriophage 
indicators are not reliably eliminated by depuration.
Although the nested RT-PCR had shown wider cross reactivity, than the 
single round RT-PCR, in clinical samples the assay showed poor reactivity 
with Genogroup I NLVs. Comparison of NLV sequence data has revealed 
strain variation and the existence of two distinct genetic groups (Green et al., 
1994; Ando et al., 1994). Group I contain the Southampton and Norwalk 
viruses while group I I  includes Lordsdale virus and Snow Mountain agent. 
The first round of the assay contains three primers and covers both 
genogroups. The problem is therefore likely to be due to the second round 
primers. To overcome the potential specificity problem a Genogroup I 
specific nested primer set was designed by ERVL, PHLS, Colindale. This 
was shown to amplify GI products in oyster samples which the original 
internal NI-E3 primers failed to amplify. In the final design of the nested 
assay, the first round primers G l, G I I  and SM 31 remain the same with the 
two Genogroup specific nested primer sets routinely used in the second 
amplification round. The final version of the nested RT-PCR using these 
primer sets was sensitive and specific for both NLV genogroups.
Reliable and sensitive amplification of both genogroups has also made 
sequencing positive amplicons feasible for the first time. These 
developments enable the confirmation of RT-PCR by sequencing and the 
genotyping of the NLVs detected. Although direct sequencing from PCR 
products is a method used routinely by many laboratories with excellent 
results, this approach was not found to be successful in sequencing NLVs 
from shellfish. Previous studies have shown a mixed infection of NLV strains 
in stool samples and as bivalve molluscan shellfish can accumulate and 
concentrate viruses found in the environment it is reasonable to suspect they 
may contain more than one strain of NLV. This would inevitably compromise 
direct sequencing strategies. Therefore it was decided to develop methods
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for cloning NLV positive amplicons prior to sequencing. Sequencing NLV 
positive samples can help confirm the NLV strain in the sample and can also 
help eliminate the possibility of laboratory contamination. If the same 
sequence is repeatedly found in positive samples PCR cross contamination 
can be suspected.
The ability to detect and sequence viruses is a powerful tool for use in 
molecular epidemiology. To date there have only been four reports where 
attempts have been made to characterise viruses in stool and in shellfish. 
Two of these studies reported outbreaks of Hepatitis A and virus particles 
were identified in clams by direct immune electron microscope, nucleic acid 
hybridisation and tissue culture (Halliday et al., 1991), or in oysters by 
enzyme immunoassay and PCR (Desenclos et al., 1991). However, virus 
sequence data was not available from these studies. NLV sequence was 
detected in a single oyster that came from a batch associated with 
gastroenteric illness (Sugieda et al., 1996). In this case NLV sequence from 
both genogroups was detected by PCR amplification of virus from stool 
samples. However, these investigators did not state whether NLV 
sequences in the shellfish were identical to those found in the stool samples. 
Another study successfully detected NLVs in oysters associated with a 
multistate outbreak of acute gastro-enteritis, using primers specific for the 
outbreak virus strain (LeGuyader et al., 1996). A total of nine out of 10 
shellfish samples were positive for NLVs. Subsequent cloning and 
sequencing of the RT-PCR amplicons revealed the same sequence in each 
shellfish sample.
The type of molecular epidemiology described above is being used 
increasingly to gain a deeper understanding of the epidemiology of outbreaks 
of gastro-enteritis. The results of a recent study in the US revealed that 
outbreaks originally linked by epidemiologists were shown by sequence 
analysis in fact not to be related (Fankhauser etal., 1998).
These preliminary studies have shown the potential of the application of 
nested RT-PCR for detection of viruses in shellfish. The nested assay was 
shown to be effective in the investigation of outbreaks of gastro-enteritis
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associated with oyster consumption and also to be effective for monitoring of 
end product shellfish sold for human consumption. These results are 
encouraging and indicate that molecular methods can be used to detect viral 
pathogens in shellfish. Our understanding of the aetiology of outbreaks, of 
gastro-enteritis and the epidemiology of NLVs in relation to shellfish will 
increase with the development of novel more sensitive detection methods 
such as those described in this chapter.
In addition, the assay may also have potential applications in other areas of 
environmental monitoring, including the detection of NLVs in sewage, waters, 
and foodstuffs other than shellfish.
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CHAPTER 4
DETECTION AND CHARACTERISATION OF 
NORWALK-LIKE VIRUSES IN A POLLUTED 
HARVESTING AREA
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4.1 INTRODUCTION
Waterborne transmission of NLVs through faecal pollution of the aquatic 
environment and contamination of vectors such as molluscan shellfish is well 
documented (Chapter 1). The shortage of pristine conditions dictates that in 
developed countries many marine water sources used for shellfisheries and 
recreational purposes are inevitably faecally contaminated. Legislative 
controls based on conventional bacterial indicators have failed to prevent 
shellfish transmitted outbreaks of viralgastro-enteritis caused by NLVs.
Chapter 3 reported the successful development and application of molecular 
techniques for the detection of NLVs in shellfish. This nested RT-PCR 
assay, together with the previously described cloning and sequencing 
methods for the characterisation of NLVs means that it might be possible to 
monitor a harvesting area for viral contamination and define the prevalence, 
persistence and diversity of any viruses found. This has not been possible 
previously due to the lack of detection methods. To investigate the feasibility 
of such an approach, a commercial shellfish harvesting area was monitored 
over a one-year period to investigate the occurrence of NLV in the harvesting 
area, and also the NLV content of any shellfish marketed after depuration 
treatment. All the shellfish beds analysed were classified as Category B 
under EC Directive 91/492 EEC, however this was known to be a faecally 
polluted site and has been implicated in previous outbreaks of viral gastro­
enteritis.
This field study concentrated on characterising the extent, pattern and 
duration of viral contamination of shellfish and attempted to link this 
contamination with virus outbreaks. NLV contamination was investigated by 
nested RT-PCR and sequencing and E. coli levels were also followed to 
permit comparison of virus contamination with the data from these faecal 
pollution indicator organisms. The chosen harvesting area has a number of 
sewage discharges including a large secondary treatment plant and a 
number of storm overflows. NLVs are the most important cause of illness 
following consumption of polluted bivalve molluscan shellfish. To date
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virtually no data is available on occurrence, survival or behaviour of these 
viruses in shellfisheries because of the long-standing technical difficulties 
associated with the detection of NLVs. Nested RT-PCR and viral 
characterisation offers, for the first time, a meaningful approach to the 
investigation of these important aspects of NLV contamination of shellfish.
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4.2 MATERIAL AND METHODS
4.2.1 Shellfish
4.2.1. 1_____Shellfish taken from the harvesting area
Samples of Pacific oysters (C. gigas) were obtained from the harvesting area 
on a fortnightly basis and 50 g of shellfish flesh processed as described 
previously and subjected to the virus extraction and purification protocol. 
Following the final step, purified concentrates were reconstituted to a 
standard volume of 2.6 ml and. viral nucleic acid extracted (see general 
materials and methods Chapter 2) prior to amplification using the NLV nested 
RT-PGR (see Chapter 3).
4.2.1. 2____ Purified Shellfish Samples
After a sample of Pacific oysters (C. gigas) was obtained from the harvesting 
area, the remainder of the batch was depurated in a commercial depuration 
system. Following purification, a sample of oysters was taken and 50 g of 
shellfish flesh was processed. Virus was extracted and purified as described 
previously (see general materials and methods) prior to analysis by the NLV 
nested RT-PCR.
4.2.3 Cloning and sequencing
Following nested NLV RT-PCR, all amplicons that showed a band of the 
correct molecular size were cloned and sequenced using the pGEM cloning 
kit (Chapter 3). A minimum of five white colonies from each cloned sample 
was selected to determine the possible diversity of strains in the oysters. 
Colony PCR was performed and the products visualised on a 2% agarose gel 
to identify inserts of the correct size (312/313bp). The PCR products were 
cycle sequenced in both directions, using a commercial kit containing 
Amplitaq FS enzyme in a dye terminator sequencing reaction and analysed 
on the ABI 310 automated DNA sequencer as described in Chapter 3.
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4.2.4 Sequence Analysis
All sequences generated from the individual clones were analysed in the 
Sample Analysis and Sequence Navigator software programmes, which are 
components of the ABI 310 Sequencer. This programme allows the operator 
to align sequences, reverse complement sequences and also to perform 
multiple alignments. Further alignment analysis was performed on the 
sequence data using the EDITseq and MegaAlign components of Lasergene 
Software (DNAstar).
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4.3 RESULTS
4.3.1 The harvesting site
The site chosen for this study is situated in the South West region of 
England. Oysters originated from one of the shellfish beds shown on Figure
4.1. The sources of sewage inputs are shown in Figure 4.2. There is a large 
sewage treatment plant at the head of the estuary which discharges treated 
effluent and a number of smaller treatment plants situated at various points 
along both sides of the estuary. These also discharge directly into the 
estuary. There are also a number of storm overflow pipes situated directly 
over the shellfish beds, which can discharge raw faecal material if rainfall 
levels are high. All oysters harvested from this area were depurated in a 
commercial purification system before sale for consumption.
4.3.2 Design of study
The study was designed to monitor the harvesting area over both a summer 
and winter period. The winter sampling period was between October and 
March and the summer sampling took place between April and September. 
The study was started at the beginning of August and continued until the 
following October.
4.3.3 Sequence database
A database of published NLV sequences was generated prior to analysis of 
sequence data. Previously published nucleotide sequences within the RNA 
polymerase region of the 0RF1 were obtained from the EMBL/Genbank 
databases and exported into the Edit seq programme within Lasergene 
(DNAStar inc.). The location of forward and reverse primers was identified 
within each sequence. The primer sequences were then removed and the 
internal sequence of approximately 78 nucleotides added to the database. In 
addition, unpublished sequences from clinical isolates were provided from
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ERVL, (PHLS Colindale) and added to the database to enable identification 
of some of the isolates.
4.3.4 E. coli Results
4.3.4. 1 E. coli levels in shellfish from the harvesting area
All oysters from the shellfish harvesting area were assayed for the presence 
of E. coli, a conventional bacterial indicator of human faecal pollution. Data 
obtained from samples taken directly from the harvesting area are shown in 
Table 4.1, column 2. The counts were extremely variable with levels of E. 
coli ranging from <20 to 22,000/100 g. The reason for this variability is not 
clear. It is well known from depuration studies that bivalve shellfish can 
rapidly accumulate and eliminate E. coil. The complex tidal flows, which take 
place in an estuary, could therefore result in the shellfish being contaminated 
with polluted effluent from the sewage discharges along the estuary. This is 
especially true at low tide when there is the least dilution of sewage. If 
however the tidal flow brought clean water over the shellfish they could 
rapidly eliminate E. coll. Another possible explanation is that high levels of 
rainfall on occasions will result in the storm overflows discharging untreated 
sewage into the estuary. As the overflow pipes are in close proximity to the 
shellfish beds (Figure 4.1) this would result in the periodic pollution of the 
shellfish. Therefore, E. coil levels found in oysters from the same harvesting 
area will vary considerable with the sampling time, even on the same day.
4.3.4. 2 E. coli levels in commerciallv purified shellfish
Shellfish samples were also assayed for E. coli after depuration. The results 
are shown in Table 4.1, column 6. In contrast to the unpurified shellfish from 
the harvesting area, most of E. co//were <20 per 100 g of shellfish. This was 
independent of initial levels found in oysters before purification.
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0  C gigas
^  Storm Overflow
Figure 4.1 Map of South West harvesting area showing position of the 
shellfish harvesting beds
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Figure 4.2: Map of South West harvesting area showing sources of 
sewage input.
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BEFORE DEPURATION AFTER DEPURATION
Date E. coli R T- Sequenced Date E.col R T- Sequenced
/lOOg P C R /lOOg PC R
08-Aug 95 2400 + NO 08-Aug 95 <20 -
15-Aug 95 >18000 + NO 17-Aug 95 <20 -
22-Aug 95 >18000 - ve - 24-Aug 95 <20 -
30-Aug 95 2400 -we - 01-Sep 96 <20 -
13-Sep 95 3100 - ve - 15-Sep 95 <20 -
26-Sep 95 220 + YES 28-Sep 95 <20 -
10-Oct95 2400 - ve - 13-Oct 95 <20 -
24-Oct 95 5400 - ve - 26-Oct 95 <20 -
07-Nov 95 5400 - ve - 09-Nov 95 <20 -
21-Nov 95 1100 - ve - 28-Nov 95 <20 -
09-Jan 96 1100 + YES 12-Jan 96 <20 + NO
16-Jan 96 110 + NO 18-Jan 96 70 + YES
23-Jan 96 200 + YES 25-Jan 96 20 + YES
31-Jan 96 10 + NO 02-Feb 96 <20 + YES
06-Feb 96 500 + YES 08-Feb 96 <20 + YES
14-Feb 96 700 - ve - 16-Feb96 <20 - ve
20-Feb96 500 + YES 22-Feb 96 <20 + YES
28-Feb 96 110 + YES 01-Mar 96 <20 + YES
06-Mar 96 5400 + YES 08-Mar 96 150 + NO
12-Mar 96 750 + YES 14-Mar 96 90 - -
19-Mar 96 310 + YES 22-Mar 96 <20 + YES
27-Mar 96 <20 + YES 29-Mar 96 <20 + YES
16-Apr 96 1300 + YES 18-Apr 96 <20 - ve -
30-Apr 96 1300 - ve - 02-May 96 <20 - -
05-Jun 96 <20 - ve - 07-Jun 96 <20 - -
18-Jun 96 230 - ve - 20-Jun 96 <20 - -
16-Jul 96 <20 - ve - 19-Jul 96 <20 - -
13-Aug 96 22000 - ve - 15-Aug 96 <20 - -
03-Sep 96 310 - ve - 05-Sep 96 <20 - -
17-Sep 96 220 + NO 19-Sep 96 <20 - -
01-Oct 96 <20 + NO 04-Oct 96 <20 + NO
16-Oct96 70 + NO 18-Oct96 <20 + NO
Table 4.1 Summary of E. coli and NLV results in shellfish taken directly 
from the harvesting area and following commercial depuration.
RT-PCR +ve result denotes a band of the correct molecular weight on an agarose 
gel. A positive sequence denotes a definite identification of both the NLV 
genogroup and NLV strain in the sample. NO denotes that It was not found possible 
to obtain NLV sequence data from the PCR amplicon.
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showing that the depuration process had reduced the E. coli to mandatory 
levels (i.e. below the regulatory limit of <230 E. coli per 100 g of shellfish 
flesh)
4.3.5 NLV results
4.3.5. 1 Analysis of NLV contamination in shellfish from the harvesting
area
Oyster samples were received from the commercial supplier on a fortnightly 
basis. Shellfish flesh from all samples was processed, virus extracted and 
purified (see materials and methods). Nucleic acid was then extracted from 
the purified concentrates before NLV nested RT-PCR was performed on all 
samples. A result was taken as positive if a band of the correct molecular 
weight was detected on an ethidium bromide stained gel. The results are 
shown in Table 4.1, column 3. Thirty-two oyster samples in total were 
assayed for the presence of NLVs. Of these, eighteen were positive 
amplicons (56%). The most striking finding was that there was no 
relaitionship between the level of E. coli and the presence of NLV in the 
sample. This is clearly demonstrated by the NLV positive sample taken on 
the 27th March with an E. coli level of <20/100 g and the sample containing 
the highest level of 22,000 E. co///100 g from the 13th August, which was 
NLV negative. It was noticeable that the number of NLV positive shellfish 
samples were less during the summer months.
4.3.5. 2______ Analysis of NLV contamination in commerciallv purified
shellfish
The results of commercial purification for the removal of NLVs from shellfish 
are shown in Table 4.1. The previously developed nested RT-PCR assay 
was used on batches of oysters (C. gigas) following the purification process. 
In contrast to the E. coli results, of the thirty-two samples assayed twelve of 
the samples (38%) remained positive for NLVs after the purification process. 
When the nested RT-PCR products from individual batches were analysed
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together on an agarose gel the results showed that, although a reduction in 
virus titre was apparent (as judged by the band intensity) NLVs were not 
reliably eliminated during the cleansing process (Figure 4.3).
4.3.6 Seasonal effect
4.3.6.1 Effect of season on depuration
A clear seasonal difference was observed (Table 4.1) in the number of NLV 
positive oysters, with the largest number of positives (73%) obtained during 
the winter period (October to March inclusive). By contrast, the prevalence of 
NLVs in oysters was considerably lower in the summer period (April to 
September inclusive) with only 31% of samples containing NLVs. Whilst E. 
coli was removed equally efficiently throughout the year there was some 
evidence that efficiency of viral elimination was seasonally dependent. 
Depuration appeared to be more efficient during the summer with NLVs 
being successfully eliminated from all four positive samples by this process 
(Table 4.1). However, of the 73% NLV positives samples during the winter 
period, 55% of these remained positive with virus being removed only from 
one sample by the depuration process. This effect can be clearly seen in 
Figure 4.3 showing gel electrophoresis of positive amplicons from selected 
matched pairs (before and after purification) taken throughout the study 
period. This is a potentially novel finding, which has importance significance 
for further studies on virus elimination during depuration.
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4.3.6.2 Occurrence of illness associated with study area
The increased frequency of NLV positive oysters in the winter period of this 
study and observed lower efficiency of depuration are both consistent with 
the known winter association of gastro-enteric illness due to oyster 
consumption in the UK. Study results presented in Table 4.1 are presented 
chronologically in Figure 4.4 together with the known outbreaks of gastro­
enteric food poisoning associated with oysters from this harvesting area 
during the study period. It can be seen that the majority of reported incidents 
took place during the winter months. It is notable from Figure 4.4 that, for the 
most part, reported outbreaks from this harvesting area correlated with prior 
detection of NLVs in monitored oysters. The only period when outbreaks 
associated with the harvesting area occurred without previous NLV detection 
in the study area was between December and January. However during this 
period no samples were received from the sampling site because of the 
Christmas holidays.
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4.3.7 NLV nested RT- PCR product analysis
4.3.7.1_____Sequence analysis
All positive amplicons generated during this study were cloned and 
sequenced (see Chapter 3, Section 2) to confirm the nested RT-PCR 
positives and investigate further the type and diversity of NLV strains 
contaminating the oysters in the study area. Of the samples analysed, those 
confirmed as NLV sequence (the large majority) are shown in Table 4.1, 
Columns 4 and 8. Of the twenty-three NLV RT-PCR positive samples 
analysed between September and April about 80% have currently been 
confirmed by sequence analysis as NLVs. Some samples would not 
sequence due to difficulties associated with obtaining sufficient template DNA 
for sequencing when viral levels are low. No sequence was obtained of non- 
NLV amplicons.
There is a diversity of NLV strains circulating in the environment, any of 
which could be retained by filtering shellfish. It therefore seems possible that 
shellfish may contain more than one NLV strain. Nested RT-PCR results 
obtained in Chapter 3 showed the existence of both Genogroups in some 
oyster samples, which yielded positive PCR amplicons with both primer sets. 
A minimum of five clones from each nested RT-PCR amplicons were 
sequenced to access the potential of cloning more than one target sequence. 
If all clones from the nested RT-PCR product produced the similar sequence, 
following alignment a consensus sequence was generated. Clones, from the 
same RT-PCR product, giving different sequence data were processed 
separately. Alignments were performed using the MegAlign components of 
the Lasergene Software (see materials and methods).
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4.3.8 Type and diversity of NLV strains
4.3.8.1 NLV strain identification
NLV sequence obtained from confirmed positives has been further analysed 
to investigate the type and diversity of NLV strains. Sequence data from all 
isolates was compared with published sequences and clinical isolates. 
Alignment comparison with published sequences enabled determination of 
strain Genogroup (Gl or GII) and, in some cases, provided identification. 
However, for other strains comparison with previous clinical isolates was 
necessary to determine strain identification. Some isolates could not be 
identified. Phylogenetic trees illustrating the genetic relationships of isolates 
with published sequences and with clinical isolates are shown at the 
nucleotide level in Figure 4.5 and at the amino acid level in Figure 4.6.
A divergence/similarity plot (data not shown) was generated from the 
Megalign pile-up of the sequences. This showed that the isolates could be 
clustered into groups sharing genetic relationship at the amino acid level and 
could be further subdivided into ten unique ‘strains’ showing nucleotide 
identity of 95% or more. Strains were tentatively identified by comparison of 
both amino acid and nucleotide identities with published sequences and 
clinical isolates and are shown in Table 4.2. Some strains could not be 
identified to the 90% or greater level of homology (Table 4.2) possibly 
showing that less common strains were also in circulation. The genetic 
relationship of the ten identified NLV strains is tabulated in Table 4.2 and 
shown in a phylogenetic tree in Figure 4.7. In all cases, and particularly with 
the Genogroup I I  strains, homology was significantly greater at the amino 
acid rather than the nucleotide level (Figures 4.8, 4.9 and 4.9a) Separation 
into Genogroup I and I I  strains can be clearly observed. Only two of the ten 
representative strains were Genogroup II, although Genogroup I I  isolates 
accounted for twelve of the 32 isolates sequenced to date. The 20 
Genogroup I isolates were divided among the eight individual groups, and 
thus showed significantly greater sequence diversity.
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Although many of the isolates could be identified the group of strains sharing 
closed similarity to Desert Shield could not be clearly identified with any 
previously published NLV sequences or with clinical strains isolated in the 
UK.
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Figure 4.5 Phylogenetic tree showing genetic relationship between 
Genogroup I  and Genogroup I I  NLVs isolated from the harvesting area 
in comparison with representative clinical and published strains at the 
nucleotide level.
The phylogenetic tree was generated using the Clustal V algorithm within MegAlign
(DNA Star inc) The tree is based on the alignment of approximately 80 nucleotides
within the NLV RNA polymerase excluding PCR primers.
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Figure 4.6 Phylogenetic tree showing genetic relationship between 
Genogroup I  and Genogroup I I  NLVs isolated from the harvesting area 
in comparison with representative clinical and published strains at the 
amino acid level.
The phylogenetic tree was generated using the Clustal V algorithm within MegAlign
(DNA Star inc) The tree is based on the alignment of approximately 80 nucleotides
within the RNA polymerase excluding PCR primers.
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Figure 4.7 Phylogenetic tree showing genetic relationship between the 
ten identified strains in comparison with representative Genogroup I  
and Genogroup I I  NLV clinical and published strains at the nucleotide 
level.
The phylogenetic tree was generated using the Clustal V algorithm within MegAlign 
(DNA Star inc) The tree is based on the alignment of approximately 80 nucleotides 
within the RNA polymerase excluding PCR primers.
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Figure 4.8 Phylogenetic tree showing genetic relationship between the 
ten identified strains in comparison with either Genogroup I  and 
Genogroup I I  NLV isolates in comparison with representative clinical 
and published strains at the amino acid level.
The phylogenetic tree was generated using the Clustal V algorithm within MegAlign
(DNA Star inc) The tree is based on the alignment of approximately 80 nucleotides
within the RNA polymerase excluding PCR primers.
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Figure 4.9 Phylogenetic tree showing genetic relationship between the 
ten identified strains in comparison with representative Genogroup 1 
and Genogroup I I  NLV clinical and published strains at the amino acid 
level.
The phylogenetic tree was generated using the Clustal V algorithm within MegAlign 
(DNA Star inc) The tree is based on the alignment of approximately 80 nucleotides 
within the RNA polymerase excluding PCR primers.
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4.3.9 Type and diversity of NLV strains
Following isolation and putative identification of the ten NLV strains, the data 
was re-examined to help determine the prevalence and diversity of the NLV 
strains in the oysters before and after depuration. Of the eleven confirmed 
NLV positive samples found in the harvesting area before depuration, seven 
(76%) contained a mixture of GI and GII strains. Three of these samples 
also contained both a Genogroup I I  strain and two different Genogroup I 
strains. Depuration affected the distribution of strains with only 17% of the 
post depuration samples containing both Genogroups. These data might be 
interpreted as suggesting that Genogroup I I  strains appeared to be more 
efficiently eliminated than Genogroup I strains (Table 4.3).
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Before Depuration After Depuration
Date N orw alk -like Strain Date N orw alk -like Strain
virus ID virus ID
G en ogroup G en o g ro up
26-Sep 95 GII 10 28-Sep 95 - ve
09-Jan 96 GII 9 12-Jan 96 No
GI 1
16-Jan 96 GI No 18-Jan 96 GI 5
23-Jan 96 GI 1 23-Jan 96 GI 8
31 - Jan 96 GI No 02-Feb 96 GII 8
GI 3
06-Feb 96 GII 10 8-Feb 96 GI 4
GI 2
20-Feb 96 GII 9 22-Feb 96 GII 9
GI 2 GI 1
GI 6
28-Feb 96 GII 9 01-Mar 96 GII 9
GI No GI 1
06-Mar 96 GII 9 08-Mar 96 GI No
GI 7
12-Mar 96 GII 9 14-Mar 96 -ve
GI 8
GI 7
19-Mar 96 GII 9 22-Mar 96 GI 1
GI 8
GI 1
27-Mar 96 GII 9 29-Mar 96 GI 8
GI 5
16-Apr96 GII 9 18-Apr-96 -ve
GI No
Table 4.3. Norwalk-like virus strain identification in shellfish samples 
taken directly from the harvesting area (before depuration) and 
following commercial depuration.
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4.3.10. Persistence of strains in the study area
To determine the persistence and the temporal appearance of different 
strains of NLVs in a harvesting area, strains were plotted throughout the 
study period (Figure 4.10). It is clear from these results that the harvesting 
area was polluted with a variety of strains during the study period; sometimes 
many different strains occurred during a fairly short time period (Figure 4.10). 
Some strains such as strain 9 (Grimsby) and strain 8 (Saratoga) were 
isolated periodically throughout the study period, whereas others represented 
a single isolation. Genogroup I strains, 3, 4, and 6 were identified only once. 
Further analysis of these isolates is required before they can be identified as 
unique sequences. Throughout the study, the most commonly isolated strain 
was Grimsby. Interestingly this was also the strain, which was most 
prevalent in the community during the time of the study (J.Green, personal 
communication).
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4.4 DISCUSSION
Filter feeding bivalve shellfish concentrate and retain viral pathogens 
acquired from sewage polluted growing waters. The most effective way to 
prevent such contamination is to grow shellfish in clean waters free of human 
faecal pollution. However, in the UK, the absence of pristine growing waters 
reaffirms the need for better detection and control of viral pathogens. 
Monitoring shellfish harvesting areas for NLVs is a novel idea and may 
provide an alternative approach for more effective public health control. The 
development of molecular methods in our laboratory (Lees et al., 1995b) and 
others (Chung at a!., 1996) has shown the potential of this type of study. 
However, such methods required further refinement to provide additional 
sensitivity to detect low viral levels in shellfish and to overcome the 
polysaccharide inhibitors of the PGR reaction present in polluted samples. 
The newly developed nested RT-PGR for NLV was shown to be highly 
effective in overcoming both of these problems (Chapter 3). The further 
development of cloning and sequencing methodologies for post PGR 
characterisation described in Chapter 3 allowed the full potential of PGR 
procedures to be realised for investigation of NLV contamination of shellfish. 
Other scientists have called for this type of analysis as vital to the 
understanding of NLVs (Metcalf at a!., 1995). However, published methods 
have generally lacked the sensitivity required. Currently published 
techniques have been evaluated using shellfish seeded with NLV virus but 
they have been unable to detect naturally occurring enteric viruses (Atmar at 
a/., 1993; Gouvea at a!., 1994).
The harvesting site chosen for this study was situated in a polluted estuary 
and had previously been associated with a number of outbreaks. The 
proximity of the site to sewage treatment plants and storm overflow discharge 
points, suggested that site would be periodically subjected to sewage 
pollution. Large outbreaks of gastro-enteritis have been associated with 
faecally polluted harvesting areas in Australia due to heavy rainfall 
(Grohmann at a/., 1981) and in two separate incidences in America due to
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the dumping of faeces overboard by the shellfish harvesters thus polluting 
the harvesting site (Mcdonnell et ai, 1997; Farley et ai, 1998).
The study site chosen was already classified as a Category B area. All 
shellfish from a Category B area must contain less than 4,600 E. coli per 
lOOg of shellfish flesh in 90% of samples and must be subjected to 
purification treatment (depuration) before being sold for consumption. The 
prevalence of E. coli during this study showed a reasonably high degree of 
pollution, compared to other Category B sites (Dr Lee, personal 
communication).
A high number of shellfish from this site were found to contain NLV both in 
depurated and undepurated samples. The number of depurated shellfish 
containing viruses is consistent with the occurrence of outbreaks associated 
with the site during the study period. There was no correlation of NLVs with 
the levels of E. coli either before or after depuration of the shellfish. 
Depuration was successful in reducing bacterial levels of all the samples to 
well below the end product standard. This may account for the low incidence 
of bacterial illness associated with the consumption of shellfish. However 
studies, using a viral indicator have shown that viruses and bacteria behave 
differently both in the marine environment and in shellfish during the 
commercial purification process. (Dore and Lees, 1995). In this study, there 
was little reduction in the total number of NLV positive shellfish after 
purification, especially during the winter months. There was however, some 
evidence of reduction of viral titre within the purification process as evidenced 
by reductions in band intensity between matched pairs of un purified and 
purified samples, analysed by gel electrophoresis. This is a novel finding, 
which has potential significance for further studies on viral elimination during 
depuration. Although NLVs were not removed following depuration at this 
highly polluted site, it would be necessary to investigate other harvesting 
areas with lower pollution levels, to determine whether depuration may clear 
lower titres of virus from shellfish.
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To fully determine the significance of these results however, it would be 
necessary to quantify the degree of virus removal during depuration. Recent 
studies have focused on the use of competitive PCR using an internal 
standard to quantify virus titre. A carefully designed nucleic acid sequence, 
normally a deleted clone, is co-amplified along with the virus target 
sequence. Co-amplification in the same reaction tube at the same time using 
the same primers provides a basis for quantitative PCR (Cone et al., 1992; 
Gilliland et al., 1990; Martino et al., 1993). Testing the amplification of an 
internal control also allows identification of inhibition of specific target 
amplification and will control false negative reactions. This approach has 
been utilised in our laboratory using a deleted clone in an enterovirus 
competitive PCR (unpublished data) and future work will evaluate this 
method as well as a real time quantitation approach (Orlando etal., 1998) for 
quantitation of NLVs.
The clear seasonal effects observed during the study period have relevance 
to clinical observations with a strong correlation between the data and the 
occurrence of outbreaks. The increased number of processed oysters 
containing NLVs during the winter months is consistent with the known 
outbreaks associated with this harvesting area. These results also support 
the general trend of outbreaks associated with the consumption of shellfish, 
which often occur during the winter months (Payment and Trudel, 1985). 
The illness was originally known as Winter Vomiting Disease (Zahorsky, 
1929) even before the aetiological cause was discovered in 1972 (Kapikian 
et al., 1972; Appleton et al., 1977), and the term NLV adopted in the UK.
The data from this study clearly showed a decrease in the number of NLV 
positive shellfish samples during summer months. Furthermore, the few 
positive samples were efficiently cleared of NLV following purification. By 
contrast, there was no seasonality effect seen with the bacterial indicator. E. 
coli was prevalent throughout the year and removed equally efficiently 
summer or winter following depuration. This finding shows that although the 
site appeared to be faecally polluted throughout the study period, NLV 
contamination was more frequent during the winter period. This finding could
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be due in part to the seasonality of outbreaks in the community. The spread 
of NLV g astro enteritis infection occurs not only from the vehicle of infection 
but also by person to person transmission following an outbreak event 
(McDonnell et al., 1995; Sawyer et al., 1988) via contaminated faecal 
material and vomitus. Thus, during an outbreak virus is being continually 
shed into the environment by the community. It is possible that after the 
spate of winter outbreaks, fewer viruses are contaminating the shellfish 
harvesting area and is being degraded in the environment during the summer 
months. Another possibility is that oysters are more active during the 
summer and may eliminate contaminating NLVs. It was not possible to 
establish which is responsible from the present study although it may well be 
a combination of both.
This seasonal pattern has also been observed in other enteric viruses. This 
was observed in a study using national data reported by electron 
microscopists in the United Kingdom over a three-year period. Detection of 
astrovirus increased in winter and were infrequent during the summer, a 
seasonal pattern similar to that observed for rotavirus (Monroe et al., 1991).
Nucleic acid based tests do not distinguish between infectious and non- 
infectious virus, therefore a positive result may not absolutely correlate with 
public health risk. However, the strong correlation seen in this study between 
the detection of NLVs in shellfish prior to outbreaks may be an indication of 
the detection of viable virus. Although the issue of whether NLV detection 
represents infectious virus is difficult to resolve, as the virus can not be 
cultivated, fellow workers have suggested that this can be approached by 
studying shellfish or water associated with outbreaks of disease (Metcalf et 
al., 1995).
The methodology development work described in Chapter 3 was shown to be 
effective for characterisation of the NLVs positive oysters both from 
harvesting area and in processed samples, with almost all of NLV positive 
samples successfully cloned and sequenced. Due to the diversity of NLVs 
and the many different strains which may be circulating in the environment
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(Norcott et al., 1994) (Jiang et al., 1995c; Moe et al., 1994) several clones 
were sequenced from each positive shellfish sample. Alignment analysis of 
the sequences detected in this study revealed a clear separation into two 
Genogroups and that the isolates could be sub divided into ten groups 
sharing genetic relatedness. Recent amino acid and nucleotide sequence 
analysis of a region of the RNA polymerase from many isolates of NLVs has 
led to the distinction of two genetic groups among the viruses affecting 
humans (Ando etal., 1994; Green etal., 1994; Taylor ef a/., 1996; Carter and 
Cubitt, 1995). Sequencing studies of the capsid genes of NLVs have further 
confirmed these studies as above (Ando et al., 1994; Taylor et al., 1996; Lew 
et al., 1994). Following the determination of Genogroup, a putative 
identification of the NLV strains detected in the oyster samples using 
previously published sequences was attempted. The complete genomes of 
three strains have been characterised: the UK Southampton virus (Lambden 
et al., 1993b), Lordsdale virus (Dingle et al., 1995) and the prototype US 
Norwalk virus (Jiang et al., 1993). Other published sequences in the NLV 
polymerase region include the Group I strains Southampton, Desert Shield 
(Ando et al., 1994), Maryland and Saratoga and Group I I  Snow mountain, 
Hawaii (Green et al., 1994), Bristol (Green et al., 1994) and Mexico virus 
(Jiang et al., 1995). Although the level of homology within the ten subgroups 
was more than 90%, it was not possible to give a positive identification for 
some of the strains using sequence comparisons with published NLV 
sequences. Therefore, it was necessary to compare them with unpublished 
clinical strains (J. Green, personal communication) such as Grimsby, 
Melksham and Winchester. A positive identification has not been found for 
some of the isolates suggesting that less common strains may also be in 
circulation. Further studies are necessary to determine if these are novel 
sequences or, as recent studies have suggested, if they represent cross 
amplification of animal strains of calicivirus (Sugieda etal., 1998) (Clarke and 
Lambden, 1997).
Samples from individual shellfish samples were found to contain both 
Genogroups. The co-existence of two genotypes has been detected in stool 
samples and one oyster from an outbreak in Japan (Sugieda et al., 1996)
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and also mixed infection in stool samples following oyster consumption (Ando 
et al., 1995). In addition to these findings, this study has also shown the 
existence of two Genogroup I strains and a Genogroup I I  strain within three 
shellfish samples taken from the harvesting area. Although the results 
suggest that Genogroup I strains were predominant throughout the study 
period, they were much more diverse being divided among eight of the ten 
sub groups, some being isolated on only one occasion. In contrast the 
Genogroup I I  strain, Grimsby was isolated from the harvesting area, 
persistently throughout the study period. Interestingly this was later found to 
be the strain which was circulating in the community at the time of the study 
(PHLS personal communication). A study into the incidence and genetic 
variability of NLVs in outbreaks in the Netherlands also showed that the 1996 
predominant strain was Grimsby/Pilgrim like. The Dutch study also 
confirmed the clear seasonality of NLV associated outbreaks (Vinje et al., 
1997).
The study has shown the diversity of NLV strains contaminating the 
harvesting area. It was interesting that there was a greater degree of 
homology at the amino acid level than at the nucleotide level. This was 
particularly true of the Genogroup I I  isolates. Other studies have also shown 
greater amino acid homology among Genogroup I I  isolates (Green et al., 
1995d).
From this study, it is difficult to say whether the NLV strains found in the 
harvesting area were due to a single contamination event or whether they 
were repeatedly seeded into the environment. This could be addressed 
through community-based studies characterising NLV strains circulating in 
the community and correlating these with NLV strains found in sewage 
discharges and consequently the shellfisheries.
Depuration of the shellfish, however, affected the distribution of the strains 
with both Genogroups being found in only three samples. The rest of the 
samples contained only Genogroup I strains. Although the possibility that 
depuration is more efficient at removing Genogroup I I  strains cannot be 
ruled out, there is a more plausible explanation. It is possibly that the
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degenerate primers used for Genogroup I detection in the nested RT-PGR 
selectively amplify Genogroup I strains from the lower viral titres found in 
depurated shellfish. The GII specific primers are more specific. This may be 
the reason the only other Genogroup I I  strain found in the harvesting area 
was amplified when the Grimsby strain was not present. This could also be 
the explanation as to why two different GII strains were never found in any 
shellfish sample.
This study investigated for the first time the feasibility of applying molecular 
methods for the detection of NLVs in shellfish harvested from a polluted site. 
It has shown the potential threat that the consumption of raw oysters poses 
to the consumer when prepared and handled in the recommended way and 
that nested RT-PGR can identify virus contamination in shellfish harvesting 
areas. A few shellfish samples taken from this harvesting area during the 
winter months would have identified the contaminated shellfish at source. 
This approach would enable further treatment processes such as relaying the 
shellfish in clean water, before the shellfish are placed on the market for 
human consumption. This study has shown the feasibility of monitoring sites 
where there is a suspicion of a clinical problem, as evidenced by outbreaks in 
previous years and that this approach to viral monitoring could provide 
significantly improved levels of protection.
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CHAPTER 5
ANALYSIS OF ENTERIC VIRUSES ASSOCIATED 
WITH AN OUTBREAK OF INFECTIOUS DISEASE 
LINKED TO SHELLFISH CONSUMPTION
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5.1 INTRODUCTION
Molluscan shellfish are among the foods most frequently incriminated in 
outbreaks of foodborne viral illness. Unlike other food products, molluscan 
shellfish concentrate viruses from their environment within their edible 
tissues. Major outbreaks of viral illness have been due to the consumption 
of raw shellfish such as oysters (Dowell et al., 1995; Berg et al., 2000)
EU legislation specifies common standards for the hygienic production and 
sale of shellfish allowing free trade and widespread movement of shellfish 
within the European community. Due to the lack of adequate detection 
methodology for viruses, legal requirements for hygienic production of live 
oysters are based on the levels of faecal coliforms in oysters. It is generally 
acknowledged that these requirements are inadequate to ensure public 
health protection.
This Chapter describes the laboratory work associated with the investigation 
of a large outbreak of gastro-enteritis originating in Denmark during New 
Year 1997 (Christensen et al., 1999). The methods developed in Chapters 3 
and 4 were used. In this outbreak a total of 365 persons reported illness in 
Denmark due to the consumption of imported live oysters. During the same 
period, 300 people in Sweden were taken ill due to the consumption of 
oysters from the same producer. It is believed that approximately 35,000 
infected oysters from implicated batches were sold and consumed in 
Denmark during this period. From the illness reports it appeared that the 
infective dose, on occasions, was as low as one oyster. It must be assumed 
therefore that the actual number of affected persons was much higher than 
the number of recorded incidents.
The main symptoms were of a classical viral gastro-enteritis infection and 
included vomiting, diarrhoea, abdominal pain, headache and fever 
commencing 12-48 h after consumption of oysters. In addition to these initial 
symptoms, about 40% of the ill persons reported secondary symptoms, such 
as aching of the joints, numbness of skin, face, hands and legs, visual 
disturbances and double vision, commencing 24 h after the onset of the
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primary symptoms. In particular, complaints about sore legs were reported. 
In a few cases, blood was observed in the vomit. In addition, a few reported 
very severe secondary symptoms, such as visual disturbances. Such 
secondary symptoms, commencing after the onset of the classical viral 
gastro-enteritis symptoms of diarrhoea and vomiting, have not been 
previously reported in outbreaks of gastro-enteritis linked to Norwalk-like 
virus infection and are therefore of particular note.
In general the recovery from the illness was slow with fatigue and general 
malaise persisting for weeks after the onset of initial symptoms. In particular, 
persons reporting the secondary symptoms seemed to be recovering slowly. 
In a few cases, where visual disturbances were recorded, symptoms were 
reported to last for more than one month. Again, it should be noted that this 
is dissimilar to classical Norwalk-like gastro-enteritis from which sufferers 
generally recover completely within 2-3 days.
The oysters were produced within the ED and sent to Holland for processing 
and packing before being re-exported to Denmark and other Scandinavian 
countries. The Dutch suppliers gave each batch of shellfish an expiry date. 
However, because of inadequate documentation and even possible fraud 
with the registration documents, it was not possible to formally trace the 
infected oysters beyond the processor in Holland. It was suspected that 
batches of shellfish had been mixed and a definite origin and handling prior 
to packing was difficult to establish. In practice, only the identity of the 
packer and the expiry date could be clearly defined, although further 
investigation revealed that while the contamination was believed to have 
originated in Holland, some batches of implicated shellfish from the Dutch 
suppliers had possibly been harvested from harvesting areas in Ireland.
The objective of the work described in this chapter was therefore to 
investigate the application of the previously developed methodologies in 
Chapter 3 of this thesis to the molecular epidemiological investigation of this 
large shellfish associated outbreak.
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5.2 RESULTS
5.2.1 Analysis of Clinical samples associated with the outbreak
A total of 25 faecal samples were analysed by EM for the presence of enteric 
viruses in the National Serum Institute in Denmark. Thirteen samples were 
positive for NLVs. Eleven faecal samples from patients associated with the 
outbreak in Denmark were sent to the ERVL (PHLS, Colindale) for analysis 
using molecular techniques. All samples were examined for the presence of 
Norwalk-like viruses using genogroup specific RT-PGR primers (Gray et al, 
1997) reacting in the polymerase region of the NLV genome. NLVs were 
detected in three samples, one of which was a fairly weak reaction (Table 
5.1) (J. Green, personal communication). The PCR primer pair reactions 
indicated the presence of a Genogroup I I  NLV in all positive samples. The 
samples were negative for Genogroup I NLV. All PCR positive amplicons 
were further cloned and sequenced by ERVL Colindale, using standard 
methodologies. Sequencing confirmed the presence of a Genogroup I I  NLV 
(with a sequence identity most closely related to Lordsdale virus). These 
results are further discussed in 5.2.11.
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Faecal
Sample
Number
Norwalk-like virus
RT-PCR
Gl GII
Poliovirus
Specific
PCR
Enterovirus
PCR
Culture in
PRMK
cells
F 1152 -ve -ve -ve -ve nt
F 1153 -ve +ve -ve +ve -ve
F 1154 -ve -ve -ve -ve nt
F 1155 -ve -ve -ve -ve nt
F 1157 -ve +ve -ve -ve nt
F 1487 -ve +ve (weak) -ve +ve +ve
F 1660 -ve -ve -ve +ve -ve
F 1662 -ve -ve -ve -ve nt
F 1665 -ve -ve -ve +ve +ve
F 1667 -ve -ve -ve -ve nt
F 1756 -ve -ve -ve -ve nt
Table 5.1. Results from the Enteric and Respiratory Virology Laboratory 
(EVRL), Colindale from clinical samples associated with the Danish 
outbreak
Gi denotes Genogroup I NLV, G11 denotes Genogroup I I  NLV. PCR 
positive denotes a band of the correct molecular weight visible by gel 
electrophoresis.
nt denotes not tested, pRMK are primary rhesus monkey kidneycells.
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These results from both the Danish Serum Institute and ERVL, Colindale, 
strongly suggest that NLVs were the cause of the gastro-enteritis in the 
patients consuming oysters. Although only three of eleven stool samples 
were positive, this is frequently seen when analysing material from 
outbreaks. Since virus is shed for only a few days following an episode of 
gastro-enteritis and samples are often not submitted until viral shedding is 
below the detectable level, it is frequently observed that not all faecal 
samples submitted are positive for NLV.
Following discussion of the unusual neurological secondary symptoms 
experienced by some of the patients affected, it was decided to further 
analyse the faecal samples for the presence of enteroviruses. ERVL 
examined stool samples were examined by RT- PCR for the presence of 
human enteroviruses using broadly reactive primers in the 5’ non-translating 
region of the genome (Mori and Clewely., 1994), and also by RT-PCR for the 
specific presence of poliovirus. Four of the eleven stool samples were found 
to be positive for enterovirus (Table 5.1). Negative reactions in the poliovirus 
specific RT-PCR showed that the enteroviruses detected were not poliovirus 
(Table 5.1). The enterovirus amplicons were further cloned and sequenced. 
All sequences detected were identical suggesting a single source of infection 
(J. Green, Personal Communication).
Following the detection of enterovirus by RT-PCR culture was attempted in 
primary rhesus monkey kidney cells (pRMK cells) on enterovirus PCR 
positive stool samples. A cytopathogenic effect (CPE) was obtained after 72 
h incubation in two of the four positive samples (Table 5.1). Cultures 
showing CPE were subcultured for typing by serum neutralisation in pRMK 
cells. However, CPE was not obtained in the subcultured cells. Although this 
effect was repeatable, it was not possible to definitely establish the presence 
of viable enterovirus in the faecal samples or to identify the agent causing the 
CPE by standard serum typing procedures.
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5.2.2 Analysis of Clinical samples associated with the outbreak 
(CEFAS)
In an attempt to gain additional data on the faecal samples, the samples 
were subsequently re-analysed in this laboratory. Faecal extracts were 
prepared by making a 1:10 dilution (See material and methods). Nucleic acid 
was extracted from all samples and amplified using the previously developed 
nested RT-PCR (Chapter 3). Six of the eleven original faecal samples were 
NLV positive as visualised by gel electrophoresis (Table 5.2). It should be 
noted that the ERVL, Colindale method for clinical samples is a single round 
PCR, which potentially has less sensitivity than the nested PCR assay 
developed for shellfish samples in this study. The results from the nested 
RT-PCR primer pair reactions indicated that samples were positive for both 
Genogroup I and Genogroup I I  NLVs. Two samples (F1153 and F1487) 
gave positive RT-PCR results with both primers sets indicating a mixed 
infection of both Gl and GII in the same sample. All positive amplicons 
generated were cloned and sequenced (see Chapter 3, Section 2) to confirm 
the nested RT-PCR positives and to identify the strain of NLV. Of the six 
positive faecal samples, only two samples were cloned and sequenced 
successfully (Table 5.7). Although the nested RT-PCR showed greater 
sensitivity than the RT-PCR used by ERVL, PHLS Colindale, the viral load 
was insufficient to generate sufficient template.
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Faecai Sample 
Number
Norwalk-like virus 
RT-PCR
NLVGI NLV G I I
F 1152 +ve -ve
F 1153 +ve +ve
F 1154 -ve -ve
F 1155 -ve -ve
F 1157 -ve +ve
F 1487 +ve +ve
F 1660 -ve -ve
F 1662 -ve -ve
F 1665 -ve +ve
F 1667 +ve -ve
F 1756 -ve -ve
Table 5.2. RT-PCR results from The Centre for the Environment, 
Fisheries & Aquaculture (CEFAS), from clinical samples associated 
with the Danish outbreak
Gl denotes Genogroup I NLV. G11 denotes Genogroup I I  NLV. RT-PCR 
positive denotes a band of the correct molecular weight visible by gel 
electrophoresis
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A minimum of 5 clones were sequenced from each NLV positive sample. 
One sample (F1487) gave confirmed NLV sequence data for both 
Genogroup I and Genogroup II  specific amplicons. The other faecal 
sample (F1153) was also identified as a Genogroup I I  NLV (Table 5.7). 
These results emphasise the increased detection of NLV Genogroup I 
strains using the newly developed Ando/E3 Genogroup I specific primers. 
The results of the sequencing analysis and strain identification are further 
discussed in section 5.2.11 along with results obtained for shellfish samples.
5.2.3 Analysis of outbreak associated shellfish samples (Denmark)
The Danish Serum Institute initially carried out microbiological analysis of the 
shellfish associated with the outbreak. Three batches were analysed in total. 
Batch 1 had an expiry date of 3/1/97, batch 2 had an expiry date of 5/1/97 
and batch 3 had an expiry date of 11/1/97. Batches 1 and 2 were associated 
with illness; the Danish authorities impounded batch 3 before it was released 
onto the market. The oysters were negative for NLVs by EM, negative for 
rotavirus and adenovirus by ELISA and enterovirus negative by culture and 
PCR. However, the Serum Institute did not have previous experience of 
oysters. The samples were also negative for Staphylococcus aureus, 
Salmonella, Vibrio spp. Vibrio vulnificus. Listeria monocytogenes, 
Campylobacter spp and Clostridium botulinum. The total aerobic count and 
H2S producing bacteria was very high indicating that the oysters were from 
polluted water.
The oyster samples were tested for the presence of the marine biotoxins 
causing Diarrhetic Shellfish Poisoning (DSP), Paralytic Shellfish Poisoning 
(PSP) and the biotoxin domoic acid (Amnesiac Shellfish Poisoning).
The results for marine biotoxins (Table 5.3) show that the oyster samples 
were negative for both DSP and PSP. However both samples batch 2 and 
batch 3 contained low, subregulatory levels of domoic acid. The remains of 
the oyster sample from batch 1, which contained the highest level of domoic 
acid, were sent to Dr Hagel in the RIVO Institute in the Netherlands. The 
RIVO Institute found 7.3 mg/kg domoic acid in the sample thus verifying the
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Danish results. Domoic acid is known to cause Amnesiac Shellfish 
Poisoning, with symptoms such as nausea, vomiting, fever, diarrhoea 24 h 
after ingestion, followed by neurological symptoms, confusion, coma and 
death, 48 h after ingestion. Although this seemed similar to the pattern of 
symptoms reported in this outbreak, the levels of domoic acid found in the 
oysters was well below the set statutory limit of domoic acid of 20 mg/kg 
shellfish which, itself is set well below the level which would induce clinical 
symptoms such as those described. The significance of the domoic acid in 
relation to this outbreak is therefore unclear and seems unlikely to be the 
primary cause of the symptoms.
Marine Biotoxins
Sample 
Expiry Date 
3/1/97
5/1/97
11/1/97
DSP
negative
negative
negative
PSP
Negative
Negative
Negative
Domoic acid 
mg/kg
12.7 
negative
9.8
7.8
7.7
negative
Negative
Negative
Negative
Table 5.3. Results of analysis of sequential oyster samples associated 
with the Danish outbreak for the presence of marine biotoxins.
DSP is Diuretic Shellfish Poisoning as tested by the mouse bioassay 
PSP is Paralytic Shellfish Poisoning as tested by the mouse bioassay. 
Domoic acid is a marine biotoxin tested by High Pressure Liquid 
Chromatography.
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5.2.4 Microbiological analysis of shellfish samples associated with 
outbreak
Following the above analysis, the three oyster {C.gigas) batches associated 
with the outbreak were submitted to this Laboratory on the 14/1/97 for 
microbiological analysis (Table 5.4). Shellfish from all three batches were 
received alive and in good condition. Batches were examined on receipt for 
F-specific RNA (FRNA) bacteriophage, a candidate alternative Viral’ faecal 
pollution indicator organism, using methods previously described (Dore and 
Lees, 1995). All batches were also examined using a standard MPN method 
for E. coli (see general materials and methods).
The results (Table 5.5) showed that the E. coli titres in all samples were well 
within the statutory EU standard of 230 E. coli per 100 g shellfish flesh, being 
at the limit of assay sensitivity in one batch and undetectable in the other two 
batches. FRNA bacteriophage however was present in all samples with high 
levels in the initial batch (expiry dated 3/1/97) declining to fairly low levels by 
the batch expiry date of the 11/1/97.
Further to the initial samples, oyster samples, which were the remains of 
Batch 2 (97/419, 97/420) and Batch 3 (97/421), were obtained for analysis 
(Table 5.4). As the samples had been stored frozen for several months, no E. 
coli analysis could be performed on these samples. The FRNA 
bacteriophage analysis however showed elevated counts, indicating that the 
shellfish had been exposed to extremely high faecal contamination levels in 
their growing waters. In addition to the Danish samples, five samples from 
an outbreak in Sweden with a possible connection to the Danish outbreak 
were received for analysis (Table 5.4). Unfortunately, there was insufficient 
shellfish flesh from these samples to perform microbiological analysis.
5.2.5 Analysis of outbreak associated shellfish for contamination with 
Norwalk-like viruses
All of the shellfish were analysed for the presence of NLVs. Shellfish flesh 
from all samples was processed, virus extracted and purified (see general 
Materials and Methods). Nucleic acid was then extracted from the purified
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concentrates and the recently developed NLV nested RT-PCR assay was 
performed on all samples. A result was taken as positive if a band of the 
correct size was visualised on an ethidium bromide stained gel.
All the original batches from the Danish outbreak gave an NLV Genogroup II  
positive result by nested RT-PCR (Table 5.5). This, together with the results 
from the clinical material suggested that the shellfish were acting as a vector 
in the transmission of disease during this outbreak. Two of the three oyster 
samples associated with the Swedish outbreak were also positive by nested 
RT-PCR however these samples amplified with the Ando/E3 primers 
indicating Genogroup I NLV (Table 5.5). Of the three subsequent batches 
of outbreak associated oysters samples from Denmark, which were sent 
some months after the initial samples, only one (97/419) was positive for NLV 
(Table 5.5).
Interestingly, this sample was only positive with the Genogroup I specific 
primer set in the nested RT-PCR. All NLV positive amplicons were cloned 
and, where possible, a total of five clones sequenced from each to confirm 
the nested RT-PCR result (Table 5.7) and to determine the viral strain. All 
these results are further discussed in section 5.2.11
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Sample
Reference
Originator
Reference
Origin of 
Shellfish Sample
Date received
97/9 Batch 1 Denmark 15/1/97
97/10 Batch 2 Denmark 15/1/97
97/11 Batch 3 Denmark 15/1/97
97/419 Batch 2 Denmark 18/11/97
97/420 Batch 2 Denmark 18/11/97
97/421 Batch 3 Denmark 18/11/97
97/86 Trelleborg Sweden. 21/2/97
97/87 Goteburg Sweden 21/2/97
97/88 Mellander, Sweden. 21/2/97
97/89 Metra, Sweden 21/2/97
97/90 Lund 1 Sweden 21/2/97
Table 5.4. List of all outbreak associated shellfish samples
This table lists all shellfish samples received from both the Danish outbreak 
and a separate outbreak in Sweden.
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Sample
Reference
E. coli 
MPN/IOOg
FRNA
bacteriophage
pfu/IOOg
Norwalk- 
like virus 
RT-PCR
Enterovirus 
(RT PCR)
97/9 (Batch 1) 20 7,200 +ve nt*
97/10 (Batch 2) <20 1,410 +ve +ve
97/11 (Batch 3) <20 240 +ve +ve
97/419 (Batch 2) nt 11,730 +ve +ve
97/420 (Batch 2) nt 15,120 -ve +ve
97/421 (Batch 3) nt 1,470 -ve -ve
97/86 Sweden nt nt +ve nt
97/87 Sweden nt nt +ve nt
97/88 Sweden nt nt -ve nt
97/89 Sweden nt nt -ve nt
97/90 Sweden nt nt -ve nt
Table 5.5. Microbiology and Virology analysis of shellfish samples 
associated either with the Danish or Swedish outbreak
PCR +ve denotes a band of the correct molecular weight visible by gel 
electrophoresis * nt. not tested
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5.2.6 PCR analysis outbreak samples for enterovirus
Shellfish samples from Denmark were also analysed for the presence of 
enterovirus. Two batches of shellfish, Batch 2 (97/10, 97/419, 97/420) and 
Batch 3 (97/11 and 97/421) were analysed using the broadly reactive nested 
primers used by ERVL, PHLS Colindale (Table 5.5). The stocks of Batch 1 
(97/9) were exhausted therefore no enteroviral analysis was possible on this 
sample.
Shellfish flesh from all samples was processed and viral nucleic acid 
extracted (see Materials and Methods) prior to amplification using the broadly 
reactive nested enterovirus primers used by ERVL, Colindale.
Both shellfish batches were found to be positive for enterovirus by PCR as 
visualised by agarose gel electrophoresis (Table 5.5). To confirm these 
results, and to attempt sequence correlation with the clinical enteroviral 
sequence results, all positive amplicons were sequenced. For each sample a 
minimum of five clones from each successful cloning assay were sequenced 
(Table 5.9). These results are discussed in Section 5.2.12.
5.2.7 Analysis of shellfish from harvesting areas associated with the 
outbreak
An EU investigation of the source of oysters responsible for the outbreak 
showed that definite tracing was not possible because of irregularities in the 
mandatory movement documentation. Although it was initially thought that 
the contamination originated in Holland, further investigation suggested that 
the oysters from the Dutch suppliers had possible been harvested from in 
Ireland. Within Ireland evidence suggested at least two possible sources for 
the batches implicated. The Department of the Marine, the responsible 
authority in the Republic of Ireland, arranged for oysters to be sampled from 
two of the harvesting areas implicated for analysis at CEFAS (Table 5.6).
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Sample
Reference
Originator
Reference
Origin of 
Shellfish 
Sample
Date received
97/20 Dungarvan Bay Co. Waterford 21/1/97
97/21 Dungarvan Bay Co. Waterford 21/1/97
97/22 Dungarvan Bay Co. Waterford 211/1/97
97/24 Dungarvan Bay Co. Waterford 21/1/97
97/38 Dungarvan Bay Co. Waterford 4/2/97
97/40 Dungarvan Bay Co. Waterford 4/2/97
97/41 Dungarvan Bay Co. Waterford 4/2/97
97/51 Dungarvan Bay Co. Waterford 10/2/97
97/52 Dungarvan Bay Co. Waterford 10/2/97
97/65 Dungarvan Bay Co. Waterford 14/2/97
97/66 Dungarvan Bay Co. Waterford 4/2/97
97/67 Dungarvan Bay Co. Waterford 17/2/97
97/42 Oystershells Co. Galway 5/2/97
97/43 Oystercreek Co. Galway 5/2/97
97/49 Michael Kelly, Co. Galway 5/2/97
97/53 Maree Oysters, Co. Galway 52/97
97/55 Michael Kelly, Co. Galway 5/2/97
97/58 Oystercreek Co. Galway 12/2/97
97/69 Keanes Seafood Co. Galway 5/2/97
Table 5.6. List of all shellfish samples received from harvesting areas 
in Ireland ostensibly associated with the Danish Outbreak.
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5.2.8 Analysis of shellfish samples from the harvesting areas in 
Ireland
(Viral Indicators)
Both sites were categorised as category B sites according to EC regulations 
(Chapter 1). Samples were initially assayed for the presence of E. coli and 
FRNA bacteriophage giving an indication of the pollution levels associated 
with the harvesting areas. Results are shown in Table 5.7. It should be 
noted that approximately 30% of samples from the Dungarvan harvesting 
area did not comply with the EC Directive 91/492/EC. The E. coli levels for a 
category B are >4,600 for 90% of samples. Although this is normally 
assessed over a longer time frame, the E. coli results from the Dungarvan 
harvesting area indicated high pollution levels. The results of the indicator 
FRNA bacteriophage also showed gross faecal pollution of the harvesting 
area. This continued over a 4-month sampling period (W. Dore, personal 
communication). The Galway harvesting site was also found to be polluted 
but to a much lesser degree than Dungarvan.
5.2.9 Analysis of harvesting area shellfish for contamination with 
Norwalk-like virus
The samples of shellfish received initially from the harvesting area were of 
insufficient numbers to allow viral analysis. These samples were analysed 
only for the presence of E. coli and FRNA bacteriophage (Table 5.7). All of 
the subsequent shellfish samples were however analysed for the presence of 
NLVs.
Shellfish flesh from all samples was processed as described previously and 
subjected to the virus extraction and purification protocol (see Materials and 
Methods). Viral nucleic acid was then extracted prior to amplification using 
the NLV RT-PCR. A result was taken as positive if a band of the correct 
molecular weight was visualised on an agarose ethidium bromide stained gel. 
The results showed the presence of NLVs in both of the harvesting areas 
(Table 5.7). Two shellfish samples from Galway amplified with the Ando/E3 
primers indicating the presence of a Genogroup I NLV. Shellfish from the
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other harvesting area, Dungarvan, amplified with the Genogroup I I  specific 
primers. All NLV positive amplicons were cloned and, where possible, a total 
of five clones sequenced from each to confirm the nested RT-PCR result 
(Table 5.8) and to determine the viral strain. All these results are further 
discussed together with the outbreak samples (shellfish and clinical samples) 
in section 5.2.11
5.2.10 Analysis of harvesting area samples (Enterovirus)
Shellfish from the harvesting areas of Dungarvan, Ireland (97/38, 97/40, 
97/51 and 97/67) were also screened for enterovirus using the broadly 
reactive nested primer pair. These were the only harvesting area samples, 
which contained sufficient shellfish for this additional analysis. Initial nested 
RT-PCR results were positive for all four samples (Table 5.7). However 
sequence data was only available from one of the samples (Table 5.9).
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Sample
Reference
Norwalk-like
virus
Enterovirus
(nested
E.coli FRNA
bacteriophage
Gl G II PCR) MPN/IOOg Pfu/100g
97/20 Dungarvan nt nt nt 14,000 13,463
97/21 Dungarvan nt nt nt 3,500 18,000
97/22 Dungarvan nt nt nt 2,400 8,513
97/23 Dungarvan nt nt nt 50 6,900
97/24 Dungarvan nt nt nt 5,400 115,500
97/38 Dungarvan nt nt +ve 310 19,463
97/40 Dungarvan nt nt +ve 70 9,750
97/41 Dungarvan nt nt nt 70 20,025
97/42 Galway -ve -ve nt 40 <30
97/43 Galway + V 8 -ve nt 3,500 1350
97/49 Galway -ve -ve nt 70 750
97/51 Dungarvan -ve -ve +ve 9,100 2325
97/52 Dungarvan -ve -ve nt 13,000 11,2113
97/53 Galway -ve -ve nt <20 <30
97/55 Galway -ve -ve nt 70 75
97/58 Galway +ve -ve nt <20 1,275
97/65 Dungarvan nt nt -ve 1,300 19,260
97/66 Dungarvan -ve +ve nt 1,100 36,525
97/67 Dungarvan -ve +ve +ve 1,110 6,900
97/69 Galway -ve +ve nt 160 2,625
Table 5.7 Microbiology and Virology analysis of shellfish samples from 
Irish harvesting areas ostensibly associated with Danish outbreak.
Gl denotes Genogroup I Norwalk -like virus. G II denotes Genogroup I I  
Norwalk -like virus. PCR +ve denotes a band of the correct molecular 
weight visible by gel electrophoresis* nt. not tested
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Sample
Reference
Sample Type Origin NLV Gl
Sequence
Obtained
NLV G I I
Sequence
Obtained
F1152 Faecal Denmark No No
F 1153 Faecal Denmark No Yes*
F 1157 Faecal Denmark No Yes*
F 1487 Faecal Denmark Yes Yes*
97/9 (Batch 1) Shellfish Denmark No No
97/10 (Batch2) Shellfish Denmark No No
97/11 (Batch 3 Shellfish Denmark No ^ No
97/419( Batch2 Shellfish Denmark Yes No
97/86 Shellfish Sweden No Yes
97/87 Shellfish Sweden No Yes
97/43 Shellfish Ireland
Galway
: Yes No
97/58 Shellfish Ireland : Yes No
97/66 Shellfish
Galway
Ireland : No Yes
97/67 Shellfish
Dungarvan
Ireland : No Yes
97/69 Shellfish
Dungarvan
Ireland
Galway
: No Yes
Table 5.8. Table showing whether Norwalk-like specific sequence was 
obtained following sequencing RT-PCR amplicons from all outbreak 
and harvesting area positive samples.
Gl denotes Genogroup I Norwalk-like virus G II denotes Genogroup I I  
Norwalk-like virus *: denotes sequence data also obtained for this sample by 
ERVL, Colindale
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Sample
Reference
Sample Type Origin Enterovirus 
Nested PCR
F 1153 Faecal Denmark Yes (ERVL)*
F 1487 Faecal Denmark Yes (ERVL)
F 1160 Faecal Denmark Yes (ERVL)
F 1165 Faecal Denmark Yes (ERVL)
97/10 Shellfish Denmark Yes
97/11 Shellfish Denmark Yes
97/419 Shellfish Denmark Yes
97/420 Shellfish Denmark Yes
97/38 Shellfish Ireland
Dungarvan
No
97/40 Shellfish Ireland No
97/51 Shellfish
Dungarvan
Ireland No
97/67 Shellfish
Dungarvan
Ireland
Dungarvan
Yes
Table 5.9. Table showing whether Enterovirus specific sequence was 
obtained following sequencing RT-PCR amplicons from all outbreak 
and harvesting area positive samples.
*: denotes sequence data also obtained for this sample by ERVL, Colindale
183
5.2.11. NLV nested RT-PCR product analysis
5.2.11.1 Sequence analysis
All NLV positive amplicons generated during this study were cloned and 
sequenced (see Chapter 3, Section 2) to confirm the nested RT-PCR 
positives and to investigate further the relationship between clinical samples 
and shellfish samples from both the implicated batches and from potential 
harvesting areas. Since the harvesting area study (Chapter 4) showed that 
shellfish could accumulate more than one strain of NLV from the 
environment, samples were particularly examined for mixtures of strains. In 
addition, nested RT-PCR results from both Chapters 3 and 4 also showed 
the potential co-existence of both NLV genogroups in some oyster samples, 
which produced positive PCR amplicons from both primer sets. To cover 
these possibilities a minimum of five clones from each genogroup specific 
nested RT-PCR amplicons, were sequenced to facilitate identification of 
more than one target sequence. All clones were sequenced in both 
orientations. The primers were identified, removed and ambiguities in base 
calling resolved by comparison of ABI 310 chromatograms. NLV Genogroup 
I contained 78 sequence nucleotide base pairs (bp) and Genogroup I I  
sequence contained 76 bp. If all clones from the nested RT-PCR product 
produced the same sequence, following alignment a consensus sequence 
was generated. The results of NLV sequence analysis for all samples are 
shown in Table 5.8. It should be noted that most of the NLV positive 
amplicons sequenced successfully. The faecal samples analysed by ERVL, 
Colindale were found to contain only GII sequence relating to the Lordsdale 
NLV strain (J. Green, personal communication). Re-analysis of the faecal 
samples in our laboratory however found a mixture of both NLV Genogroup I 
and Genogroup I I  strains in two of the faecal samples (F1487and F1153). 
The faecal sample F I487 in particular gave good sequence data for both 
NLV genogroups (Table 5.8). The faecal sample F1153 however generated 
analysable sequence data only from the Genogroup I I  amplicons.
One of the outbreak related shellfish samples from the second Danish batch 
(97/419) which amplified with the Genogroup I, Ando/E3 primers was
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successfully sequenced (Table 5.8). Unfortunately however, this was the only 
shellfish sample directly associated with the Danish outbreak to generate 
good sequence data. Both of the shellfish samples associated with the 
Swedish outbreak gave good sequence data from the Genogroup I nested 
RT-PCR amplicons (Table 5.8).
Four samples associated with potentially implicated harvesting area in 
Ireland also sequenced successfully (Table 5.8). Two of these samples 
sequenced from Genogroup I amplicons and two were sequenced from the 
Genogroup I I  amplicons.
Interestingly, no shellfish samples analysed during this study, either directly 
associated with an outbreak or from an implicated harvesting area, were 
found to contain a mixture of genogroups. This contrasts with the previous 
harvesting area study described in Chapter 4, which showed that many 
shellfish samples contained a mixture of strains from both genogroups.
5.2.11.2 NLV sequence Identification and comparison
Identification alignments of the sequence data were performed using the 
EDITseq and MegAlign components of Lasergene Software (DNAstar) (see 
Material and Methods, Chapter 2). Sample sequences data, or one 
representative if two or more related samples showed identical sequence, 
was aligned together with a set of published sequences and also the clinical 
sequences used in the previous chapter. Following preliminary alignments of 
the sequence data, a phylogenetic tree was generated using the Clustal 
algorithm and is presented in Figure 5.1. The tree is based on the alignment 
of 78 nucleotides within the RNA polymerase region of the NLV genome. 
The dendogram shows the genetic relationship of the strains based on 
nucleotide homology. The unbroken lines are the alignment comparison with 
published or established clinical sequences and enable determination of NLV 
strain genogroup (Genogroup I or Genogroup II). A divergence /similarity 
plot (Figure 5.2) was generated from the MegAlign pile up of the sequences.
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________ r  9786 (Swedish, shellfish)
*- 9787 (Swedish, shellfish)
 Southampton (L07418)
------------------- Norwalk (M87661)
 I 97419 (Danish, shelifish)
’ FI 487A (Danish, faecal)
-  Haytread (clinical UK)
 I 9743 (Galway, Ireland, shellfish)
' 9758 (Galway, Ireland, shellfish)
 ThH1-1-91(229476)
I—  Mph2 (clinical UK)
^  Saratoga (UÜ7614)
— MarylandCV (U07611)
B291 (clinical UK)
------------------Desert Shield (UÜ4469)
F1153 (Danish, faecal)
FI 487 (Danish, faecal)
9769 (Galway, Ireland, shellfish)
-  Grimsby (clinical UK)
9766 (Dungarvan, Ireland, shellfish)
9767 (Dungarvan, Ireland, shellfish) 
Lordsdale (X86557)
 Melksham (X81879)
 Hillingdon (clinical UK)
Snow Mountain (L23831) 
Hawaii (U07611)
------------------ Mexico (U22498)
49.1
—  Jena (bovine) 
Na2 (bovine)
45 40 35 30 25 20 15 10
Figure 5.1 Phylogenetic tree showing genetic relationship between 
Genogroup I  and Genogroup I I  NLV shellfish and faecal isolates in 
comparison with representative clinical and published NLV strains at 
the nucleotide level.
The phylogenetic tree was generated using the Clustal V algorithm within 
MegAlign (DMA Star inc). The tree is based on approximately 80 nucleotides 
within the RNA polymerase excluding primers.
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With regard to the Genogroup I strains, the results from the sequence 
divergence plot (Figure 5.3) show that the batch 2 shellfish sample, 97/419, 
associated with the Danish outbreak and the faecal sample F I487 from that 
outbreak were identical. These two isolates shared 93.6% homology with 
the unusual NLV Genogroup I Haytread strain. These results suggest that 
the batch 2 shellfish (97/419) was the vector of the NLV virus causing the 
outbreak of gastro-enteritis associated with consumption of oysters in 
Denmark. The NLV Genogroup I shellfish samples from the potentially 
implicated Irish harvesting area (97/43 and 97/58) only showed 70% 
homology with these samples which is insufficient to suggest a linkage 
(Figure 5.2). The closest nucleotide homology with these samples was with 
the published sequence ThH1-1-91 at 82%.
The NLV strains detected in Swedish shellfish whilst sharing 100% sequence 
identity with each other, showed no relationship with the NLV strains 
detected in the Danish outbreak samples. For the purposes of strain 
identification we have used the threshold value of 95% nucleotide homology 
to ascribe a definite NLV strain identification. Therefore, by that criterion, no 
definite identification was possible for the Swedish samples, which showed 
approximately 82% homology with Southampton strain at the nucleotide level 
(Figure 5.2).
With regard to the NLV Genogroup I I  strains, the Galway harvesting area 
shellfish sample in Figure 5.1 and Figure 5.2 (97/69) shared almost 100% 
homology with the Genogroup I I  faecal samples associated with the Danish 
outbreak. The shellfish samples from the Dungarvan harvesting area (97/66 
and 97/67) in Figure 5.1 and 5.2 also shared approximately 95% homology 
with the Genogroup I I  faecal samples F1153 and F1487. The sequence 
identity of NLVs detected in these samples was Grimsby virus as judged by 
96.2% nucleotide homology with this strain (Figure 5.2). As this strain is a 
very common clinically circulating strain, it is difficult to conclude that the 
faecal samples from the Danish outbreak were linked to either Irish 
harvesting area.
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For all NLV strains detected, identity was significantly greater at the amino 
acid level (Figure 5.3). The sequence divergence/similarity table (Figure 5.4) 
showed a definite identification for all samples sequenced. NLV detected in 
the Danish shellfish sample 97/419, the Danish faecal sample (F1487) and 
the harvesting area sample from Galway (97/43) all showed greater than 
96% homology with the NLV Genogroup I Haytread strain at the amino acid 
level. A positive identity (Southampton) was now shown for the NLV 
detected in Swedish shellfish outbreak related samples. All NLV Genogroup 
I I  strains detected in both faecal samples and shellfish were now identified 
as NLV Lordsdale virus strains. It is of note that this was also the NLV strain 
ERVL, Colindale identified in the faecal samples from the Danish outbreak.
It should however be mentioned that amino acid homologies in such a short 
sequence (78 bp) might not accurately reflect true strain relationships 
particularly for viruses such as NLVs with a high variability rate among 
strains.
All NLV sequence identities at both nucleotide and amino acid level are 
tabulated in Table 5.10.
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F1487A (Danish, faecal)
Haytread (clinical UK)
I 9743 (Galway, Ireland, shellfish)
9758 (Galway. Ireland, shellfish) 
----------------------ThH1-1-91 (Z29476)
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Figure 5.3 Phylogenetic tree showing genetic relationship between 
Genogroup 1 and Genogroup I I  NLV shellfish and faecal isolates in 
comparison with representative clinical and published NLV strains at 
the amino acid level.
The phylogenetic tree was generated using the Clustal V algorithm within 
MegAlign (DMA Star inc). The tree is based on approximately 80 nucleotides 
within the RNA polymerase excluding primers.
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5.2.12 Enterovirus RT-PCR product analysis
5.2.12.1 Enterovirus sequence analysis
All enterovirus positive amplicons generated during this study were cloned 
and sequenced (see Chapter 3, Section 2) both to confirm the nested RT- 
PCR positives contained enterovirus specific sequence and to investigate 
further the relationship between samples. It should be noted that a broadly 
reactive primer pair from the 5’ nontranslated region of the enteroviral 
genome was used for PCR amplification. Since this could potentially amplify 
more than one contaminating enterovirus strain, a minimum of five clones 
from each nested RT-PCR amplicons were sequenced to assess the 
potential of cloning more than one enterovirus sequence from one shellfish 
sample. All clones were sequenced in both orientations. Following 
sequencing, primers were removed and ambiguities in base calling resolved 
by comparison of ABI 310 chromatograms.
The results showed that most of the RT-PCR enterovirus positive samples for 
which sequencing was attempted are listed in Table 5.9 with the results 
showing whether enterovirus specific sequence was obtained.
5.2.12.2 Enterovirus sequence Identification and comparisons
Identification alignments of the enterovirus sequence data were performed 
using the EDITseq and MegAlign components of Lasergene Software 
(DNAstar) (see Material and Methods, Chapter 2). Enterovirus sequence 
data was aligned with published sequences following extraction from the 
EMBL and Genebank databases. Following preliminary alignments of the 
sequence data, a phylogenetic tree was generated using the Clustal 
algorithm and is shown in Figure 5.5. The tree is based on the alignment of 
266 nucleotide base pairs within the 5’ non-coding region of the enterovirus 
genome. The dendogram shows the genetic relationship of the strains 
detected at the nucleotide level of homology. The unbroken lines are the 
alignment comparison with published sequence. A divergence /similarity plot 
was generated from the MegAlign pile up of the sequences (Figure 5.6).
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-^--------- 9711 (Danish shellfish)
c
^  pollovlrus 1 (V01148)
—  97/10 (Danish shellfish)
— pollovlrus 2 (X00595)
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Figure 5.5 Phylogenetic tree showing genetic relationship between 
shellfish and faecal isolates in comparison with representative clinical 
and published Enterovirus strains at the nucleotide level.
The phylogenetic tree was generated using the Clustal V algorithm within 
MegAlign (DNA Star inc). The tree is based on approximately 266 
nucleotides within the 5’non coding region excluding primers.
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The divergence/similarity plot was generated using the Clustal V algorithm 
within MegAlign (DNA Star inc.).
The tree is based on approximately 266 nucleotides within the 5’ non coding 
region excluding primers. The results from the sequence divergence plot 
show that two of the three batches (batch 2 and batch 3) of the Danish 
outbreak associated shellfish samples contained Poliovirus type 1. One of 
the shellfish samples from the Dungarvan harvesting area in Ireland also 
contained Poliovirus type 1. Since this is probably a poliovirus vaccine strain, 
and therefore commonly found in the environment, it is difficult to 
substantiate a connection between the outbreak related shellfish samples 
and the Irish harvesting area. However, one of the outbreak associated 
shellfish samples (97/420) did contain another unusual enterovirus sequence 
(Figure 5.5). It was particularly noteworthy that this sequence shared 95% 
nucleotide homology with the enterovirus sequence identified in the four 
Danish faecal samples analysed by ERVL, Colindale (Figure 5.6). As the 
faecal samples and shellfish samples were analysed in two different 
laboratories, the possibility of cross contamination between these samples 
can be ruled out. As previously discussed, the four positive faecal samples 
associated with the outbreak shared a common homology (100%) suggesting 
a single source of infection. The linkage with shellfish derived enterovirus 
sequence strongly suggests that that the common source was indeed the 
shellfish implicated in the outbreak. However, a definite identification of the 
enteroviral strain involved was not found to be possible. The closest 
nucleotide homology was with enterovirus 70 (Figure 5.5), although as this 
identity is only 82.1% it seems unlikely that this is the true identity of the virus 
(Figure 5.6).
Unfortunately, the nature of the broadly reactive primers used for diagnostic 
detection does not facilitate enterovirus typing using molecular methods. It 
was not possible within this thesis to further explore the identity of this 
unknown enterovirus strain, for instance by examination of alternative 
sequence regions more suitable for molecular typing, however this clearly is 
of interest for future work.
The sequence data at the nucleotide level for all enterovirus positive samples 
is summarised in Table 5.11.
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Sample
Reference
Sample Description Nucleic Acid 
ID %*
Faec 1153 Faecal : Denmark No ID"
Faec 1487 Faecal : Denmark No ID
Faec 1160 Faecal : Denmark No ID
Faec 1165 Faecal : Denmark No ID
97/10 (Batch 2) Shellfish : Denmark Polio 1 97.7
97/11 (Batch 3) Shellfish : Denmark Polio 1 97.4
97/419 (Batch 2) Shellfish iDenmark Polio 1 98.5
97/420 (Batch 2) Shellfish : Denmark No ID
97/67 Shellfish
Irish harvesting area
Polio 1
Table 5.11. Summary of all sequence data for outbreak associated 
shellfish and clinical samples at the nucleotide level -Enterovirus
* percentage nucleotide homology with reference to clinical enterovirus 
strains. " enterovirus strain not identifiable by comparison with published 
sequence to >95% level.
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5.3 DISCUSSION
Growing evidence suggests that in the USA, UK and other European 
countries, NLVs are the principal agents of non-bacterial gastro-enteritis in 
adults being responsible for >80% of outbreaks (Vinje et al., 1997; 
Fankhauser et al., 1998). They are primarily spread via the person to person 
route. Transmission by a vehicle such as water or contaminated food also 
plays an important role (Stevenson et al., 1994b) and outbreaks associated 
with the consumption of molluscan shellfish have been reported with 
increasing frequency in recent years (Berg et al., 2000; Kawamoto et al., 
1993; Kohn et al., 1995).
Until recently identification and characterisation of NLVs has been hampered 
by lack of adequate diagnostic methods. The methods described in Chapter 
3 of this thesis show the potential of a viral extraction procedure and nested 
RT-PCR for successfully removing RT-PCR inhibitors from shellfish. This 
has allowed the direct detection of NLVs and other enteric viruses in shellfish 
causing illness and has further facilitated the development of methods to 
confirm the presence of particular viral strains in, for instance, outbreak 
investigations.
Currently, investigation of outbreaks caused by NLV infection may be given 
lower priority than investigation of other pathogens such as Salmonella, as 
NLV induced disease is usually less severe. The short duration of the illness, 
the high person to person transmission rates and the difficulty and delay in 
laboratory confirmation of NLV have been a considerable hindrance to 
effective control of outbreaks. The development of new detection methods 
such as those described in Chapter 3 of this thesis should help make the 
control and management of NLV outbreaks more effective.
The outbreak under investigation in this chapter took place over the 
Christmas and New Year period of 1997. This is when oysters are 
traditionally eaten in Scandinavian countries. Three consignments of 
shellfish were implicated in Denmark although the third consignment was 
prohibited from sale. The oysters were sold in casks of 10 or 12 oysters from
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two different packers in Holland. In total, over 32,000 oysters were sold. 
Although only 320 cases were officially investigated, this was potentially an 
outbreak of epidemic proportions as the consumption of only one oyster 
caused illness in some patients. Clearly, with 32,000 oysters distributed the 
actual caseload was probably far higher. The main symptoms were of a 
classical NLV commencing 12-48 h after consumption of oysters, consisting 
of vomiting, diarrhoea, abdominal pain, headache and fever. It has been 
shown that the incubation period before the onset of symptoms is likely to be 
dose dependent (Caul, 1996).
It should be noted that the high secondary attack rate in NLV outbreaks due 
to hand to mouth transfer of infected vomit from a contaminated atmosphere 
(Caul, 1994) and possible by ingestion of aerosolised vomit from affected 
cases (Chadwick and McCann, 1994) would also have significantly 
increased the number of people actually affected by this shellfish associated 
outbreak. This was demonstrated during a recent outbreak of NLV gastro­
enteritis following a meal in a large hotel during which one of the diners 
vomited. Analysis of attack rates by dining table showed an inverse 
relationship with the distance from the person who vomited. No one eating in 
a separate restaurant reported illness. Transmission from person-to-person 
or direct contamination of food seems unlikely in this outbreak. However, the 
findings are consistent with airborne spread of NLV with infection by 
inhalation with subsequent ingestion of virus particles (Marks et al., 2000).
It is worthy of note that during the epidemiological investigations of this 
outbreak, where three people ate oysters, only two were ill. Resistance to 
NLV infection is poorly understood (Kapikian 1996). Some individuals 
appear to be resistant to clinical infection despite receiving doses, which 
would normally cause disease in a susceptible person. In these cases, 
protection appears to be not related to the level of serum antibody to the 
infecting virus (Matsui and Greenberg, 2000). Defective viral attachment to 
the gut wall receptor, possibly genetically mediated, has been postulated as 
underlying this finding but as of yet no evidence exists to support or refute 
this. The number of serotypes (Lambden et al., 1993; Lewis et al., 1995) of
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NLVs may also help explain the epidemiology of the disease and the 
possibility of re-infection with different serotypes over time.
The shellfish in this outbreak were shown to be negative by a battery of 
standard bacteriological tests. The E. coli levels in shellfish batches 
associated with illness were all well below the statutory ELI regulatory limit of 
230 E. coli per 100 g shellfish. In one batch E. coli was at the limit of assay 
sensitivity and was undetectable in the other two batches tested. However, 
despite this data suggesting compliance with regulatory sanitary limits an 
epidemic of gastro-enteritis still occurred again emphasising the inadequacy 
of E. coli as a suitable indicator of consumer safety of live oysters sold for 
human consumption.
Similar findings have been detailed in the Chapter 4 of this thesis where 
shellfish from a class B harvesting area were found to contain NLVs even 
after the shellfish had been depurated and were legally compliant with 
statutory requirements for placing on the market for sale and consumption.
It was however interesting that the shellfish associated with the Danish 
outbreak contained high levels of male specific RNA (F+) bacteriophage 
data. This laboratory has proposed the use of male-specific RNA 
bacteriophages as alternative "viral" indicators. Recent studies have 
suggested that by using male-specific RNA bacteriophage as an indicator of 
the possibility of viral pollution combined with NLV monitoring of problem 
harvesting areas, it may be possible to derive more effective management 
strategies for control of the virological quality of oysters (Dore et al., 1998). 
Data from these studies suggests that absence of F+ bacteriophage in 100 g 
of shellfish is predictive of the likely absence of NLV by PCR and probably 
indicates a low health risk from viral gastro-enteritis (Dore et al., 2000). The 
high levels of F+ bacteriophage in shellfish batches causing illness in this 
outbreak are consistent with the high consumer risk presented by these 
shellfish and suggests both viral pollution in the original harvesting area and 
inadequate shellfish processing to remove this hazard. It is interesting to 
observe the decline in F+ bacteriophage levels in sequential shellfish expiry
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date batches. Although definite evidence^is not available, EU and other 
investigators (D. Lees, personal communication) suggest one possible 
scenario is that a large batch of oysters were harvested from one of the 
implicated harvesting areas, transported to, and reimmersed in, holding 
ponds in the despatch centre in Holland prior to release in batches for 
processing and packing. The batch expiry date would thus reflect the time 
spent reimmersed in the holding ponds. Previous studies at this laboratory 
(Dore and Lees, 1995) would suggest a slow removal of F+bacteriophage, 
over a period of several weeks, under such circumstances. This is the 
pattern seen in shellfish batches associated with this outbreak and supports 
this possible sequence of events. The latest expiry date batch tested 
(11/1/97) still contained both F+ bacteriophage and NLVs by RT-PCR despite 
reimmersion for at least eight days. These data therefore supports the 
decision to impound this batch and prevent it reaching the market place and 
suggest that it would have presented a consumer hazard had it done so.
One of the potentially implicated harvesting areas in Ireland showed gross 
faecal pollution as judged by both F+ bacteriophage and E. coli monitoring. 
The data presented in this chapter suggests that if this area had been 
monitored over a period of time using management strategies such as those 
identified by co-workers in this laboratory (Dore et al., 1998) it is possible that 
this outbreak could have been prevented.
The outbreak described in this chapter was clearly identified as being caused 
by NLV infection as faecal samples were positive for NLVs by EM in the 
Danish Institute. This was confirmed by analysis of the faecal samples for 
NLVs by RT-PCR both in this laboratory and by ERVL, Colindale. This 
finding is consistent with many other reported human health incidents 
involving shellfish (Atmar et al., 1996; Ando et al., 1995; Leguyader et al., 
1996), and is also consistent with the clinical symptoms of gastro-enteritis 
described during this outbreak (Rippey, 1994; Morse et al., 1986; Pontefract 
et al., 1993). The discrepancy in the number of faecal positives detected by 
each laboratory is not unusual when testing this type of clinical sample. Viral 
shed is low during NLV infection (Reid et al., 1988) and sample collection
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time may vary considerable from patient to patient. Although EM can only 
detect virus in faecal samples up to 48 h after NLV infection, molecular 
diagnosis is probably more sensitive and may detect virus for a longer period 
following infection. A recent publication detected virus in stools 10 days after 
initial illness however it is not yet clear whether such virus would still be 
infectious (Parashar et al., 1998).
The finding of representatives of both NLV genogroups in the faecal samples 
suggested the possibility of a mixed infection. This in itself is not surprising 
as Chapter 4 demonstrated the capacity of shellfish to acquire a wide variety 
of strains from a polluted harvesting area, and the presence of more than one 
strain in a faecal sample has also been previously reported (Ando et al., 
1995c) (Sugieda etal., 1996).
Both Genogroup I and Genogroup I I  NLVs were detected in the Danish 
outbreak associated shellfish samples. However, only Genogroup I was 
found in the Swedish outbreak associated shellfish. Unfortunately, it was not 
possible to sequence the Genogroup I I  samples from the Danish outbreak. 
As Grimsby/Lordsdale sequence was found in all the Genogroup I I  positive 
faecal samples both in this laboratory and at ERVL, Colindale, it was likely 
that this strain was the primary cause of gastro-enteritis in this outbreak.
However the identification of the identical Genogroup I Haytread-like or 
Musgrove/89/UK strain in both the faecal and the shellfish samples is 
unusual and is the first time that such a definitive linkage has been 
established showing the shellfish to be the vector of the disease. Although 
Japanese workers did identify the coexistence of two NLV genogroup strains 
in both shellfish and faecal samples, it was unclear whether the sequences 
were identical. It has previously been found to be extremely difficult to detect 
NLVs in outbreak associated shellfish due to the low viral titre normally 
associated with such samples (Kohn et al., 1995; Mcdonnell et al., 1997). 
Using primers specific to the virus strain associated with one of these 
outbreaks, other workers detected NLVs in the oysters (Leguyader et al..
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1996b) and the faecal samples, but were unable to match the sequences 
from both.
The identification of the infectious strain as Haytread-like or Musgrove/89/UK 
strain in the faecal and shellfish samples dispelled any fears of sample 
contamination, as this is an uncommon strain, which has never previously 
been isolated in the CE FAS laboratory.
Although it had been suspected that the oyster-associated outbreak, which 
simultaneously occurred in Sweden, was linked to the same supplier, the 
sequencing data identified a completely different strain, which was 
unidentified at the nucleic acid level. This finding demonstrates the 
effectiveness of newly developed molecular tools to aid in epidemiological 
investigations. Thus, the NLV sequencing data showed a linkage between 
the Danish shellfish and the outbreak but not with the Swedish shellfish. 
Therefore, it seems likely that the two outbreaks, Danish and Swedish, were 
two separate events, and that the publicity for one highlighted the other. A 
similar situation occurred during a large multi-state outbreak in the US. A 
single common strain was identified from several clusters of illness in 
Louisiana and clearly showed that the clusters were linked and caused by a 
single unique NLV strain (Dowell et al., 1995b; Kohn et al., 1995). However, 
a distinct sequence unconnected to the Louisiana outbreak was found in 
patients consuming oysters harvested in Florida, demonstrating the presence 
of two unconnected outbreaks (Ando et al., 1995) as in this study.
As a consequence of the outbreaks in Denmark and Sweden and the 
implication of a third country, Ireland, in the original production of the 
shellfish, samples were also received from potentially implicated harvesting 
areas in Ireland. Three shellfish samples from Galway and two shellfish 
samples from Dungarvan were found to be NLV positive by RT-PCR. Two of 
the Galway samples were NLV Genogroup I and the other was NLV 
Genogroup II. The Dungarvan samples were found to contain only 
Genogroup I I  NLVs. The detection of Haytread strain in the harvesting 
areas implicated in this outbreak could have provided an exciting addition to
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this study. Unfortunately, the Genogroup I NLVs detected in the harvesting 
area showed only 70% homology at the nucleic acid level with the Haytread 
strain. The Genogroup I I  samples from both Dungarvan and Galway were 
identified as Grimsby and showed closer than 95% homology with the Danish 
faecal samples by nucleotide sequencing. Although it may be concluded that 
shellfish from the implicated Irish harvesting areas were responsible for the 
outbreak, the Grimsby strain is widespread and was the most common strain 
in Europe at the time of the outbreak (Vinje etal., 1997; Maguire etal., 1999).
Identity was significantly greater at the amino acid level, a similar finding to 
the previous chapter. The Danish faecal sample, stool sample and 
harvesting area sample now showed greater than 96% homology with the 
unusual Haytread strain. Interestingly, all Genogroup I I  samples from the 
stool samples, shellfish samples and harvesting area samples were now 
identified as Lordsdale at the amino acid level. This was the strain which 
ERVL, Colindale detected in the stool samples. However, the short 
sequence length might not accurately reflect true strain relationships at the 
amino acid level. This is particularly true for viruses such as NLVs, which 
have many diverse strains.
Recent studies have shown that primers designed to the polymerase region 
of the NLV genome are commonly used for clinical identification of strains, 
however it may occasionally be necessary to use primers from both the 
polymerase and capsid region to successfully identify some NLV strains in 
shellfish (Shieh etal., 2000).
It is very interesting to note that, in addition to NLVs, enterovirus was also 
detected in stools of patients using RT-PCR. The stools were RT-PCR 
negative using polio specific primers thereby ruling out vaccine associated 
poliovirus in the stools. Faeces are an appropriate specimen for enterovirus 
detection although it is known that presence of enterovirus in the sample 
does not provide evidence of aetiology since viral shedding may occur in the 
absence of symptoms (Trallero et al., 2000). Most enterovirus infections are
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mild or asymptomatic; severity depends not only on age and constitution of 
the host, but also on the virulence of the circulating virus.
The significance of enterovirus detection in patients stools is unclear. It 
seems likely that this indicates a recent gut infection consistent with the date 
of shellfish consumption since the percentage of stools positive for 
enterovirus by RT-PCR was much higher than would be expected by random 
sampling of the population (D. Brown, personal communication). In addition, 
sequence identity of all PCR amplicons tested was identical which suggests 
a common source of infection. The detection of enterovirus in two of the 
three implicated oyster batches from the outbreak by RT-PCR also tends to 
support the possibility of a mixed NLV and enterovirus infection in this 
outbreak.
Analysis of the enterovirus positive samples showed the presence of two 
different enterovirus sequences in the shellfish samples. One of these 
sequences was easily identified by sequence characterisation as poliovirus 
type 1. However, one of the shellfish batches also contained a second 
distinct enterovirus sequence. Comparison with the enterovirus sequence 
from the faecal samples showed these samples shared complete homology. 
This is the first documentation of two different enteroviruses identified in the 
same batch of shellfish, and moreover is the first documented finding of an 
epidemiological link between enterovirus contamination in shellfish and 
enterovirus infection.
However, a definite identification of the enteroviral strain involved was not 
possible. Since the broadly reactive primers used do not permit enterovirus 
typing using molecular methods. It was not possible within this thesis to 
further explore the identity of this unknown enterovirus strain, for instance by 
examination of alternative sequence regions more suitable for molecular 
typing (Oberste et a/.,2000 ; Santti at a/., 1999). However, this is clearly of 
interest for future work.
The presence of viable virus in these clinical samples could not be definitely 
substantiated because culture failed (see earlier). Isolation of enterovirus
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may be relatively simple but their further identification can be very 
demanding. Typing depends on the capacity of the virus to grow in cell 
cultures and to be neutralised with specific antiserum (Trallero et al., 2000).
There has been a move recently to type enteroviruses by the use of 
molecular methods since in a diagnostic setting enteroviruses are now 
increasingly being detected by PCR rather than by culture. Classical typing 
methods will therefore no longer be possible in most instances. An 
alternative means of enterovirus typing, employing PCR in conjunction with 
molecular genetic techniques such as nucleotide sequencing or nucleic acid 
hybridisation, would complement molecular diagnosis, may overcome some 
of the problems associated with serotyping, and would provide additional 
information regarding the epidemiology and biological properties of 
enteroviruses (Muir et a/., 1998).
One system to classify enteroviruses has shown that sequences from the 5' 
non-coding region led to a grouping which is different from that obtained 
when protein coding sequences are compared. When the 5' non-coding 
region is used, only two clusters are observed: the first one contains 
poliovirus CAV-21, CAV-24 and enterovirus 70 while CAV-9 and 16, CBV-1, - 
3, -4, and -5 and EV11 and 12 are found in the other cluster. In the 
phylogenetic tree compiled from the 5' non-coding region in this study the 
unidentified enterovirus and the poliovirus clustered within the first group 
(Hyypia et a/., 1997). Whilst poliovirus type 1 could be definitely identified by 
the high degree of sequence homology with reference strains, it was not 
found possible to identify the other enterovirus sequence detected.
The clinical significance of these findings regarding enterovirus detection 
remains unclear. Enterovirus infections can cause a wide variety of clinical 
effects, including neurological symptoms similar to the secondary symptoms 
reported in this outbreak. However the incubation period reported prior to the 
onset of neurological symptoms were shorter than would be typically 
expected following an enterovirus infection. These laboratory findings would 
need to be viewed together with the clinical histories of the patients affected
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by secondary symptoms to elucidate the possible role of enteroviruses in this 
outbreak. It is also possible that a mixed NLV/enterovirus infection will not 
present in the same way as straight enterovirus infection. However, this 
study has highlighted the possibility of enterovirus infection from the 
consumption of contaminated shellfish and future outbreaks especially with 
unusual symptoms will be more closely analysed for enteroviruses than has 
been done previously in our laboratory. A recent study confirmed co- 
infection of poliovirus infection during a hepatitis A outbreak although there 
were no reports of unusual symptoms (Divizia et al., 2000).
A complication was observed in interpretation of laboratory in that domoic 
acid was also detected at low levels in the shellfish associated with the 
outbreak. Domoic acid is known to cause amnesiac shellfish poisoning 
(ASP). At low levels, ASP can cause mild gastro-enteritis with symptoms 
such as nausea vomiting fever, diarrhoea 24 h after ingestion. Higher levels 
can lead to neurological symptoms including dizziness, confusion weakness 
and permanent short-term memory loss. Although these clinical symptoms 
resemble the pattern of the secondary symptoms reported in this outbreak, 
the levels of domoic acid found in the oysters were well below the regulatory 
limits of 20 mg/kg of shellfish. The concentration, which could induce ASP 
symptoms, was found to be 300 pg/g in the only globally recorded ASP 
incident, which occurred in Canada. It is possible that other shellfish from 
the implicated batch might have contained higher levels of domoic acid and 
therefore if additional samples had been tested for the toxin, higher levels 
would have been found. However, there is no further available data to clarify 
this possibility. Therefore, the role of domoic acid in the secondary 
symptoms in this outbreak remains unclear.
In summary therefore, this chapter investigates the feasibility of applying 
molecular methods for the detection of NLVs and other enteric viruses in 
shellfish causing a large outbreak of gastro-enteritis in Denmark. Previously, 
techniques have been available for the detection of NLVs as the etiological 
agents in clinical specimens from outbreaks associated with shellfish 
consumption but rarely from implicated shellfish.
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The development of methods to detect NLVs in shellfish is a new and 
powerful tool and in particular the ability to sequence viral strains has 
provided a breakthrough for epidemiology studies. Few other such studies to 
date have characterised NLVs in both stools associated with outbreaks and 
have been able to document a linkage. This type of molecular epidemiology 
will be of increasing benefit to gain a deeper understanding of the 
epidemiology of outbreaks of gastro-enteritis associated with shellfish 
consumption.
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CHAPTER 6
GENERAL DISCUSSION AND CONCLUSIONS
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6.1 GENERAL DISCUSSION AND CONCLUSIONS
The overall aim of this thesis was to establish a better PCR methodology for 
detection of NLVs in shellfish, addressing the requirements for increased 
sensitivity and to use these methods to achieve a greater understanding of 
viral contamination of faecal polluted harvesting areas and shellfish related 
illness. This objective required the sequencing of virus amplicons to identify 
and categorise the NLV strains polluting shellfish. The methods developed 
were used to detect NLVs from shellfish pre, and post, depuration, and to 
characterise virus behaviour in a polluted harvesting area and during the 
purification process. Finally, the newly developed molecular tools were 
employed in a molecular epidemiological investigation of a shellfish 
associated outbreak.
The first report of NLV detection in environmentally contaminated molluscan 
shellfish originated from the CE FAS laboratory (Lees et al., 1995b). This 
study highlighted the difficulties associated with environmentally polluted 
samples such as shellfish. The successful development of a nested RT-PCR 
reported in this thesis has overcome many of these problems. The 
developed nested RT-PCR successfully removes amplification inhibitors and 
overcomes the sensitivity limitations of the single round PCR. The nested 
RT-PCR also detects a broader range of NLVs when evaluated against a 
panel of strains from stools reflecting the diversity of NLVs. The final primer 
design was more sensitive and specific for both NLV genogroups. This is 
important because although the current strain circulating at the time of this 
study was Grimsby, (a Genogroup I I  strain) (Maguire et al., 1999b) other 
workers in the Netherlands have reported a subsequent shift towards a 
Genogroup I strain which may emerge in the future to become predominant 
(Vinje et al., 1997).
Validation of the nested RT-PCR method using seeded shellfish samples 
showed a significant increase in sensitivity and residual inhibitor removal. 
However, experience has demonstrated that the amount of contamination in 
field samples would have a direct effect on the degree of inhibition of the
210
PCR (Lees et al., 1994). The results from the validation studies using 
differentially polluted shellfish, including both end product and outbreak 
associated samples, demonstrated significantly increased sensitivity and 
decreased susceptibility to inhibitory substances over the single round PCR. 
This is the first time that NLVs have been detected in samples of shellfish 
associated with outbreak illness and the PCR amplicon bands were suitable 
for sequencing. This is important for studies requiring virus strain 
characterisation.
Although RT-PCR assays have been used successfully for epidemiological 
investigations of shellfish associated gastro-enteritis outbreaks using patient 
stool samples, the use of these procedures for the detection of the low levels 
of NLVs present in molluscan shellfish from such outbreaks has proved 
more difficult (Kohn et al., 1995b). The new method developed in this project 
has been previously published (Green et al, 1998) and forms the basis of a 
number of similar techniques (Shieh et al., 2000; Sunen and Sobsey, 1999). 
It is widely regarded as a major advance in the ability to detect NLVs in the 
environment. The nested RT-PCR, together with the cloning and sequencing 
methodologies described in Chapter 3, has had a key impact on the type of 
research now possible for viral contamination of molluscan shellfish. As a 
result of these advances, it was possible to perform further studies on a 
shellfish harvesting area at risk from enteric virus contamination and to 
investigate the behaviour of NLVs during commercial processes such as 
shellfish depuration.
The site chosen for the harvesting area study was classified under the 
Shellfish hygiene directive 91/492/EEC (Anon, 1991b) as a Category B 
(moderately polluted) site. It was situated in an estuary, which also 
contained sewage treatment plants and storm overflow discharge points. 
Thus, periodic pollution of the site especially after heavy rainfall was 
possible. Outbreaks of Norwalk virus infection from oysters linked to 
overload of sewage plants, particularly after rainfall events, have been 
reported previously (Linco and Grohmann, 1980; Morse et al., 1986; 
Grohmann et al., 1981). Consumption of shellfish derived from this site had
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been previously associated with outbreaks of gastro-enteritis. The results of 
the study described in this thesis showed for the first time the feasibility of 
applying molecular techniques to the monitoring of NLV contamination in a 
shellfish harvesting area. These data indicated that many shellfish samples 
were positive for NLVs both before and importantly after depuration, 
particularly during the winter months. It was demonstrated that many of the 
shellfish samples contained a mixture of NLV strains with some samples 
containing up to three different strains representing both Genogroups. 
Although it has been previously reported that mixtures of NLV strain 
genogroups could be identified in shellfish associated outbreaks (Sugieda et 
al., 1996), the high frequency of detection revealed in this study was 
surprising. These results emphasise the importance of shellfish as a 
potential vector for the dissemination of NLV strains into the community. 
They may also partially explain the high attack rate following the consumption 
of NLV infected shellfish. Although transient strain-specific immunity can be 
measured for up to a year post-infection, there may be little cross protection 
between different strains. Therefore, the possibility of immunity against all 
strains represented in such a mixed challenge is minimal (Gray etal., 1997).
It is interesting to note that following depuration fewer samples contained a 
mixture of strains suggesting at least partial removal of NLVs during 
depuration. These data also suggested that NLV removal might be more 
effective during the summer months. There was some evidence of reduction 
of virus titre within the purification process as evidenced by reductions in 
band intensity between matched pairs of un purified and purified samples on 
an agarose gel. If borne out this would be a novel finding, with potential for 
future studies on viral elimination during depuration. Although NLVs were not 
removed following depuration at this highly polluted site, it would be 
necessary to investigate other harvesting areas with lower pollution levels to 
determine whether depuration may clear lower titres of virus. Studies by co­
workers have already demonstrated that initial levels of viral pollution in 
oysters were found critical to the success of post-harvest treatment 
processes (Dore et al., 1998). To fully determine the accuracy of these 
results, it would be necessary to quantify the degree of viral removal during
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depuration. The recent acquisition by the CEFAS laboratory of a real time 
PCR quantitation machine (Taqman) will allow further research and address 
some of these issues.
Characterisation of contaminating NLV strains by sequencing showed that 
virus strains differ in their persistence in the harvesting area. Some strains 
were isolated on only one occasion whereas others were isolated on many 
occasions throughout the study period. One particular isolate, a Grimsby- 
like strain was repeatedly isolated over a 4-month period. A recently 
published three-year study to detect enteric viruses in shellfish harvesting 
areas also detected a single strain at regular intervals throughout the study. 
However, the identification of the strain was not possible (Le Guyader et al., 
2000). It is not clear from the work in this thesis, whether such NLV strains 
persist in shellfish following an initial contamination event or whether they are 
repeatedly seeded into the harvesting area from sewage discharges. To 
investigate this further it would be interesting to correlate NLV episodes in the 
community with contamination of harvesting areas. Other workers have 
detected NLV in water contaminated with sewage (Wyn-Jones et al, 2000), 
and also sewage water effluents (Lodder et al., 2000). In the latter study, 
sequence analysis of detected RT-PCR products revealed identical 
sequences in stools of patients with gastro-enteritis infections and in related 
sewage samples. In 6 of I I  outbreak-unrelated follow-up samples, multiple 
NLV genotypes were present. This study demonstrated that high levels of 
different NLV strains could be present in sewage effluents. The results from 
this thesis support these observations. It is therefore important to consider 
further studies on the efficacy of NLV removal during sewage treatment 
processes and to compare this with the behaviour of other more studied 
enteric viruses, such as human enteroviruses and indicator species such as 
the faecal coliforms.
The results presented here establish that NLV contamination in this shellfish 
harvesting area followed a clear seasonal trend. This is in accordance with 
historical epidemiological data of reported outbreaks associated with oysters 
from the study harvesting area and with the recognised winter seasonality of
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illness from shellfish associated outbreaks in Europe (Miossec et al., 1998; 
Vinje et al., 1997). Additionally, a recent publication on the status of viral 
illness in Australia stated that outbreaks of NLVs were more common in early 
winter and early summer (Fleet et al., 2000).
The high number of NLVs found in market-ready shellfish in the harvesting 
area study suggested that outbreaks of gastro-enteritis could be anticipated. 
Illness associated with the consumption of sewage polluted shellfish cause 
public health problems and economic loss to the shellfish industry through 
loss of consumer confidence in their products. Difficulties in detecting the low 
levels of NLVs suspected to be present in outbreak associated shellfish, has 
previously hampered diagnosis of outbreak-related samples and thus 
precluded further epidemiological investigations. The development of the 
new techniques described in this thesis, provide diagnostic tools which 
should facilitate more effective investigations and management of outbreaks. 
This was demonstrated in this thesis when the methods were successfully 
applied to epidemiological investigation of a large shellfish associated 
outbreak in Scandinavia (discussed in Chapter 5 of this thesis). The results 
showed unambiguously that oysters were the vectors of NLV infection in the 
patients and that NLV was the etiological agent responsible for this large 
outbreak of gastro-enteritis. NLV sequence analysis supported the 
epidemiological association of oyster consumption and illness during this 
outbreak. Sequence data for an NLV strain detected in a patients stool was 
identical to that detected in associated shellfish. Additionally, the strain was 
not a commonly identified NLV, which increased confidence in the result. 
This is the first time that such a definitive link between NLV detection in both 
clinical samples and shellfish has been established. Again, the co-existence 
of two diverse strains of NLVs in the stool samples suggested the possibility 
of a mixed infection. This finding has been previously recorded by a two 
other workers in the field (Ando et al., 1995c; Sugieda et al., 1996). 
However, in neither study were shellfish positively identified as the vector.
A novel finding during investigation of samples associated with the outbreak 
in Scandinavia was the detection of two diverse enteroviral sequences in one
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batch of shellfish. One sequence was vaccine strain poliovirus type 1. The 
other enteroviral sequence detected was identical to that isolated from stool 
samples of patients from the outbreak. Although the clinical significance of 
enterovirus detection in the patients stool is uncertain, it does seem likely that 
this indicates a recent gut infection consistent with the date of shellfish 
consumption. The percentage of stools positive for enterovirus was much 
higher than would be expected from random sampling of the population 
(D.Brown, personal communication). In addition, the finding of the same 
sequence in all three clinical samples makes the possibility of this being a co­
incidental finding extremely unlikely. Detection of NLVs and enterovirus in 
both stool and shellfish suggests a mixed infection. This has been reported in 
other shellfish associated outbreaks where patients experienced viral gastro­
enteritis proceeded by hepatitis A infection (Halliday et al., 1991; Richards, 
1985b).
The unusual secondary symptoms seen during the outbreak under study may 
have indicated accompanying enterovirus infection or intoxication by an 
agent additional to NLV. Identical strains of enterovirus were detected in 
both stools and shellfish and low sub-regulatory levels of domoic acid (ASP) 
were also found in the shellfish. Unfortunately, it was not possible to identify 
the specific contaminating enterovirus in this study. Although new molecular 
methods for the detection and differentiation of enterovirus are now available, 
they were out with the scope of this thesis. However, this study has 
highlighted the possibility of enterovirus infection from the consumption of 
contaminated shellfish. Future outbreaks will be more closely analysed for 
enteroviruses than has previously been the case.
The E. coll levels detected in shellfish associated with this outbreak were 
fully compliant with the regulatory requirements and failed to indicate the food 
hazard associated with these oysters. Similar findings have been observed 
by this laboratory from a number of shellfish associated outbreaks of gastro­
enteritis and have also been reported by others (Chalmers and McMillan, 
1995). Shellfish samples from an implicated harvesting area also contained 
NLVs even though E. coll levels were consistent with the EU classification of
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this site. This was in contrast to the male specific RNA (F+) bacteriophage 
data which this laboratory (Dore et al., 2000) and others (Chung et al., 1998; 
Havelaar and Sobsey, 1995) have proposed as an alternative "viral" 
indicators. The F+ bacteriophage results from the implicated harvesting 
areas showed gross pollution and inadequate shellfish processing to remove 
the viral hazard. If this area had been monitored over a period of time using 
the strategies in Chapter 4 of this thesis it may have been possible to prevent 
this outbreak (Henshilwood et al., 1998; Dore et al., 1998).
It is now widely acknowledged that the existing controls are insufficient for 
the control of viral infections associated with the consumption of bivalve 
shellfish. A recent report on foodborne viral infections in the UK (Advisory 
Committee on the Microbiological Safety of Food, 1998) (ACMSF), 
underlined the requirement for the development of standardised viral 
detection methods. Included in the report was a central recommendation to 
include such methods in future European legislation on the production of 
shellfish. The data generated in this study showed that depurated shellfish 
contained NLVs despite conforming to the legal end product limit for faecal 
pollution indicators. Accordingly, the work presented here supports the 
proposals within the ACM F report highlights the inadequacy of E. coll as an 
indicator of the presence of viral contamination in depurated shellfish.
By using the methodology developed in this thesis, it has been possible to 
show that nested RT-PCR can identify virus contamination in shellfish. 
Virus monitoring of shellfish harvesting areas by specialist laboratories using 
RT-PCR is a novel approach and a possible new move towards combating 
the transmission of NLVs by molluscan shellfish. It is possible that this 
approach could provide significantly enhanced levels of public health 
protection for consumers of bivalve shellfish.
The development of sensitive and accurate molecular methods for virus 
detection in shellfish have been critical to this and future outbreak 
investigations. Detection of NLV in contaminated shellfish will be useful for 
studying related issues, such as removal during commercial shellfish 
processes such as depuration, and for developing strategies for improved
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outbreak prevention and control. The virus levels in contaminated shellfish 
are believed to be low, but the variation within an outbreak situation is 
unknown. Further development of existing methods may allow quantitation of 
NLV levels and correlation with human infectious dosages.
217
6.2 FUTURE WORK
The assays developed in this thesis for detection of NLVs and other enteric 
viruses in molluscan shellfish were shown to be highly successful, however 
their use is limited to specialised laboratories. There is a need therefore for a 
simplified, more accessible and standardised procedure for the extraction of 
viral nucleic acid from shellfish prior to PCR. Some workers have proposed 
methods utilising the hepatopancreas or digestive gland of the shellfish rather 
than the whole animal. (Lewis et al., 1996; Schwab et al., 1998; Atmar et al., 
1995b) This approach has been shown to decrease sample-associated 
interference with reverse transcription-PCR. However as the tissue of the 
digestive gland is itself quite toxic, processing procedures have still required 
complex processing stages. Future work could therefore continue the 
development of this potential approach whilst focussing on a reduction in 
steps necessary to remove toxic compounds and further simplify methods of 
shellfish sample extraction.
By using the methodology developed in this thesis it has been possible to 
show that virus monitoring of a shellfish harvesting area using nested RT- 
PCR is a possible new move towards combating the transmission of NLVs by 
molluscan shellfish. However, this study only investigated a single harvesting 
area. Future work is necessary on a range of harvesting areas subjected to 
various degrees of pollution as determined by their EU classification. This 
would determine the feasibility of monitoring problematic harvesting sites 
such as those associated with outbreaks, and may help identify the need for 
further treatment processes such as relaying the shellfish in clean water, that 
could be applied before the shellfish are placed on the market for human 
consumption. This type of approach could potentially provide significantly 
enhanced levels of public health protection for consumers of bivalve shellfish.
The presence of NLVs in the harvesting area monitored in this thesis raises 
the issue of the behaviour and survival of these viruses through conventional 
sewage treatment processes. Most information to date has been provided 
through the use of conventional bacterial faecal pollution indicators such as
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E. coli, or by studying the behaviour of other enteric viruses such as the 
enterovirus, despite the acknowledged importance of NLVs as the etiological 
agents of gastro-enteritis following shellfish consumption. There is virtually 
nothing known regarding the behaviour and survival of NLVs through sewage 
treatment, their persistence in the marine environment following discharge or 
their subsequent uptake by shellfish. This is an area where further research 
is important for future investment decisions, on issues such as the most 
appropriate type and level of sewage treatment processes for best protection 
of public health.
Although NLVs were not removed following depuration at the highly polluted 
site studied in Chapter 4 of this thesis, it would be necessary to investigate 
other harvesting areas with lower pollution levels to determine whether 
depuration may clear lower titres of virus. Studies at his laboratory using 
FRNA bacteriophage have already demonstrated that initial levels of ' viral' 
pollution in oysters were found critical to the success of depuration (Dore et 
al., 1998). To fully determine the accuracy of these results it would be 
necessary to quantify the degree of viral removal during depuration. The 
increasing application of real time PGR (Taqman) for virus quantitation allows 
a real opportunity for further research in the area of depuration in order to 
address some of these issues.
Although NLVs were detected in a large number of end product shellfish and 
also in outbreak samples, it was not possible to ascertain from the data 
presented in this thesis whether all such NLV positive shellfish would have 
caused illness if consumed. NLV levels in contaminated shellfish are 
believed to be low, but how this compares with virus titre found in shellfish 
associated with an outbreak situation is unknown. Further research is 
required to try and address this important issue. The use of human volunteer 
studies could provide an answer. However, ethical considerations preclude 
the use of this approach. Knowing the titre of virus necessary to cause 
infection would be helpful however culture methods for NLVs are not 
available at this time. Further development of existing methods may allow 
quantitation of NLV levels and correlation with dosages found in shellfish
219
associated with illness incidents. Possibly, therefore, a quantitative PCR 
approach may be the best advance for further research in this area.
The detection of enterovirus during the outbreak described in chapter 5 of 
this thesis is the first documented finding of an epidemiological link between 
enterovirus contamination in shellfish and enterovirus infection in shellfish 
consumers. The possibility of shellfish being a vector of enterovirus disease 
is obviously of concern and therefore further research is necessary to 
validate this finding.
Outbreak samples could be analysed for the presence of enteroviruses, 
particularly if the disease symptoms were atypical. In addition, a random 
survey of end product shellfish for the presence of enterovirus would help 
identify the likely extent of the problem. Cloning and sequencing of any 
positive samples would further establish whether enteroviral types liable to 
cause infection are commonly found in shellfish sold for consumption.
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We describe the evaluation of a nested reverse transcriptase PCR (ST-PCR) procedure for the detection of 
small round-structured viruses (SRSVs) in molluscan shellfish and the application of this assay for the 
detection of SRSVs in commercially produced shellfish and in shellfish implicated in outbreaks of gastroen­
teritis. The range of vims strains detected and the sensitivity of detection were evaluated by using a repre­
sentative panel of 21 well-characterized SRSV strains. The nested RT-PCR detected 15 of 21 SRSVs, demon­
strating that the assay detects a broad range of SRSVs including strains from both genogroupT and genogroup 
n . Seeding experiments showed the nested RT-PCR assay to be 10 to 1,000 times more sensitive than the 
single-round RT-PCR assay for the detection of SRSV in shellfish. SRSV-contaminated samples were identified 
by nested RT-PCR for shellfish grown In polluted harvesting areas and for shellfish associated with outbreaks 
of gastroenteritis which were negative by a previously described single-round RT-PCR. The assay was shown 
to be effective for investigation of vims elimination during commercial shellfish processing procedures such as 
depuration and relaying and has potential applications for monitoring at-risk shellfish harvesting areas, for 
investigation of SRSV contamination in shellfish from producers linked to gastroenteritis outbreaks, and for 
the direct detection of virus in shellfish implicated in outbreaks.
The small round-structured viruses (SRSVs) are important 
human pathogens frequently associated with gastroenteritis 
following consumption of sewage-contaminated molluscan 
shellfish. Public health controls are hampered by'the absence 
of methods for the detection of these viruses in shellfish, as 
they cannot be grown in tissue culture. Recently, genomic 
RNA sequences of Norwalk virus (9) and other SRSVs (4,5, 7, 
8,10,11,15-18,21) have become available and have led to the 
classification of SRSVs within the virus family Caliczviridae (3). 
The genomic characterization of a number of SRSVs has fa­
cilitated the development of highly sensitive' reverse transcrip­
tase PCR (RT-PCR) assays for the diagnosis of'SRSV infec­
tion (6, 19). Several studies have demonstrated the. high level 
of sequence diversity among SRSVs (1, 20, 23), and this has 
proved to be the major obstacle for the development of a 
diagnostic RT-PCR. Consensus primers which detect all 
SRSVs have not as yet been identified, but a broadly reactive 
primer pair which detects approximately 90% of SRSVs circu­
lating in the United Kingdom (UK) has been described (6). 
Tlie development of RT-PCR for the direct detection of 
SRSVs in shellfish has been further hampered by low levels of 
virus present in shellfish meat which may also contain potent 
Taq inhibitors. We (14) and others (2) have previously de­
scribed the development of RT-PCR-based assays for the de­
tection of SRSVs in molluscan shellfish. Our techniques utilize 
a sample extraction procedure optimized for removal of RT- 
PCR amplification inhibitors which largely addresses these
* Corresponding aiyhor. Mailing address: Enreric and Respiratory 
Virus Laboratory, Virus Reference Division, Central Public Health 
Laboratory, Colindale, London NW9 5HT, United Kingdom. Phone; 
181 200 4400, ext. 3437. Fax: ISl 200 1569. E-mail: jgreenCâ'phls.co.uk.
problems (1 2 ,14). We have described the application of these 
techniques to the detection of SRSVs in shellfish associated 
with outbreaks of human disease and in random testing of 
shellfish sold for consumption. By a single-round RT-PCR with 
broadly reactive primers followed by Southern blot hybridiza­
tion with a pool of four digoxigenin-labelled SRSV-specific 
oligonucleotide probes, SRSVs could be detected in virtually 
all oyster samples associated -with human disease and in a small 
percentage of randomly tested samples. However, positive re­
sults were frequently detectable only through the added sen­
sitivity of Southern blot hybridization, which indicated that the 
RT-PCR was operating at the limits of sensitivity. This hin­
dered attempts to confirm positives by sequencing of the am- 
plicon and to genotype the SRSVs detected. This study de­
scribes the development and evaluation of a nested RT-PCR 
for SRSV which overcomes these sensitivity limitations and 
thus facilitates sequencing and other approaches to RT-PCR 
amplicon characterization. We describe the application of this 
method for the investigation and control of public health prob­
lems arising from consumption of molluscan shellfish.
MATERIALS AiNTJ METHODS
Viruses. Evaluation of the range of SRSV strains amplified by the nested 
RT-PCR was performed with a panel of 21 feed samples which had been shown 
to contain SR5V by electron microscopy and had been sclecmd to represent the 
broad range of genomic diversity of SRSVs. The SRSVs had previously been 
characterized by sequencing of small regions of the RNA polymerase following 
ampiificaiion with the N I-E j primer pair (6) and/or the Siif5L-31 and 02-32 
primer pairs (20). The panel comprised 3 genogroup I  strains and 13 genogroup 
U strains. Phylogenetic analysis of polymerase gene sequences from these strains 
and published sequences is shown in Fi'gTl. Five fecal samples from the panel, 
two containing genogroup I SRSVs (panel strains 2 and 5) and three containing 
genogroup I I  SRSVs (panel strains 10. 15, and 18), were used in the comparison 
of detection sensitivities of the single and nested RT-PCR assays.
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TABLE 1. Primer sequences and locations
Primer Orien­tation
Target
geno-
group(s)
Genomic
location" DNA sequence
G1 Sense I 4679-4696 TCNGAAATGG.ATGTTGG
G2 Sense I I 4338-4355 AGCCNTNGAAATNATGG T
SM31 .Antisense I 4871-4853 CGATTTCATCATCACC.ATA
■n 4607-4588
NT Sense I . 4756-4776 GAATTCCATCGCCCACTGGCT
H 4492-4512
E3 Antisense I 4869-4853 ATCrCATCATCACCATA
n 4605-4588
Genomic locations (in nucleotides) for genogroup I  strains and genogroup II 
strains refer to Notwalk vhrus and Lords dale virus, respectively.
nologies). Re/erse transcription was performed at room temperature for 10 rain 
followed by incubation at 3TC for 1 h. The reaction mixture was terminated by 
incubation at 95°C for 5 min, the tubes were then chilled on ice, and 15 p.1 of RT  
mix was added to 35 pi of PCR mix (10 mM Tris [pH 8J3], 50 mM KCl, 13 mM 
MgCIjj 0-2 mM [each] dNIP, 20 pmol of each piimcr [G1-G2 and SM31], 1 U 
of Taq polymerase). After an initial dénaturation at 94°C for 2 min, 30 amplifi­
cation cycles of 95“C for 1 min, 40“C for 1 min, and 72“C for 1 min were 
performed followed by a fifial extension of TTC  for 10 min. Second-round 
amplincation was carried out with 1 pi of the first-round amplicon and 49 pi of 
RT-PCR mix containing (final concentrations) 10 mM Tiis-HCI (pH 8.8), 50 mM 
KCl, 13 mM MgCI?, 0.2 mM (each) dNTP, and 20 pmol of each primer (N I and 
E3). The cycling parameters were unchanged. RT-PCR amplicons were analyzed 
by electrophoresis of 20 |jJ of reaction mix in agarose gels (4% Nusieve 3:1; 
Howgen) at 10 V/cm for 13 to 2 h. Hxst-roimd primers GÎ-G2 and SM31 amplify 
either a 270-bp (G2-SM31) or a 190-bp (G1-SM31) region of the RNA poly­
merase gene, and nested primer pair NI-E3 amplifies a 113-bp region. Molecular 
weights were determined by comparison with a 1-kb DNA ladder (life  Tech­
nologies).
For shellfish seeding experiments, a well-characterized stool sample shown to 
contain SRSVs by electron microscopy and by RT-PCR was used (panel strain 
18). Sequencing of a 113-bp region of the RNA polymerase gene showed it to be 
a genogroup I I  strain most closely related to Mexico virus (10) (Fig. 1). This 
strain was selected because Mexico virus-like strains have been ortiy infrequently 
detected in the UK in the past 3 years and thus this strain allows the exclusion 
of false positives in subsequent investigations of field samples derived from this 
positive control sample.
The fecal samples used in these experiments were prepared by making a 1:10 
(wt/voi) dilution of stool in phosphate-buffered saline (PBSa; Dulbecco's for­
mula) followed by thorough mixing and centrifugation at 3,000 X g for 5 min. 
Supernatants were stored at 4°C until use. For the comparison of detection 
sensitivities, further dilutions from 10"* to 10""* were made witli PBSa. For the 
seeding experiments, further dilutions of 1:100,1:500,1:1,000,1:5,000,1:10,000, 
and 1:50,000 were made with PBSa.
Shellfish. Commercially purified oysters {Crassostrea gigas) were used in the 
seeding experiments. Shellfish were also obtained from commercial harvesting 
areas in England and Ireland subject to varying levels of pollution. Shellfish 
associated with a clinical outbreak in Suffolk, England, were obtained from both 
the implicated restaurant and the holding tank used for oyster storage prior to 
serving. Environmental samples were stored frozen whole at —20"C prior to use 
in the RT-PCR. All shellfish samples were processed from whole animals.
Shellfish processing and vims extraction and purification. The procedure for 
shellfish processing has been previously described in full (12). Essentially, shell­
fish were shucked, homogenized, sonicated, and centrifuged, and supernatants 
were precipitated with polyethylene glycol. For seeding experiments and envi­
ronmental samples, 50 g of shellfish flesh was processed. For shellfish associated 
with gastroenteritis outbreaks, up to 50 g was processed (depending on sample 
availability). Resuspended pellets were sonicated and centrifuged prior to fur­
ther virus purification by extraction with l ,13-trichloro-2,2,l-trifluoroetfaane. 
(Freon TF) followed by centrifugal concentration and storage at — 20°C. Extracts 
at this stage were termed purified concentrates.
Extraction of viral SNA purified concentrates. The RNA extraction procedure 
has been previously described in full (12). Briefly, a reaction mix of glass powder 
matrix and guanidine isothiocyanate (GITC) was used to extract total nucleic 
acid from purified shellfish concentrates. Shellfish tissue weight equivalents ex­
tracted were 7 g (neat), and a 13 dilution in PBSa (2,3 g), for all seeding 
experiments and environmental samples. GITC serves to denature cellular and 
nucleoprotem complexes (thereby releasing the RNA) and protects the RNA in 
the sample from digestion by nucleases. RNA bound to the glass powder was 
washed with GITC, ethanol, and acetone prior to elution in Tris buffer. RNA was 
then precipitated in ethanol, and RT-PCR was performed.
Oligonucleotide primers. In the first-round SRSV RT-PCR, a broadly reactive 
primer combination of the three primers, GTG2-SM31. was used. Tire sense 
primers, G1 and G2, were derived from published SRSV RNA polymerase 
sequences and were designed to anneal specifically with genogroup T and geno­
group n  strains, respectively. The antisense primer, SM31, has previously been 
described (20). The internal (nested) primers were a previously described primer 
pair, NI-E3, which amplify a 113-bp region of the RNA polymerase gene (cor­
responding to nucleotides 4756 to 4867 of NorWalk virus) and have been shown 
to detect more than 90% of strains which were circulating in the U K  in 1993 and 
1994 (6). Primer sequences and genomic locations are given in Table 1.
Reverse transcription and RT-PCR. SRSV RT-PCR was performed by resus- 
pending RNA pellets in 6.9 ,al of sterile water, adding 20 U  of RNase inhibitor 
(RNAsin; Promega)-! |jd of 50 mM random hexamers (PdN6; Pharmacia Bio­
tech), and overlaying the pellets with 50 pj of mineral oil (400-5; Sigma). The 
mixture was heated at 70°C for 5 min, chilled on ice, and then added to 8.1 id of 
reaction mix containing (final concentrations) 10 mM Tris-HCI (pH 83), 50 mM  
KCl, 5 mMgCl?, 03 mM (each) deoxynucleoside triphosphate (dNTP) (Pharma­
cia Biotech), and 100 U of Moloney murine leukemia virus RT (fast protein 
liquid chromatography pure, cloned Moloney murine leukemia virus: Life Tech­
RESULTS
Evaluation of the specificity and sensitivity of the nested 
RT-PCR assay. A nested RT-PCR with two primer sets de­
rived from alignments of the polymerase region of published 
SRSV genomic sequences was developed. The assay was eval­
uated for specificity and sensitivity by using a panel of 21 fecal 
samples which contained SRSV particles by electron micros­
copy. These SRSVs had previously been characterized by RT- 
PCR and sequencing and were selected to represent the broad 
range of diversity seen among genogroup I and genogroup II 
strains (Fig. 1). These strains were tested by both a single- 
round RT-PCR with primers NÏ-E3 and the nested RT-PCR. 
The results (Table 2) show that the single-round RT-PCR 
amplified 13 of the 21 strains while the nested RT-PCR de­
tected 15 of the 21 strains. The nested PCR detected all but 
one of the strains amplified by the single-round RT-PCR and 
also amplified a further three strains, showing that the nested 
RT-PCR gave wider strain cross-reactivity than did the single- 
round RT-PCR.
The single-round and nested RT-PCRs were further com­
pared for sensitivity of SRSV detection. Five fecal samples 
containing SRSVs (genogroup I strains 2 and 5 and genogroup 
II strains 10, 15, and 18) were titrated in PBSa dilutions from 
10“  ^ to 10~^, and the diluted fecal extracts were tested by both 
the direct and the nested procedures (Table 3). The titer was 
taken as the highest dilution in which a specific amplicon was 
detected in an ethidium bromide-stained agarose gel. By sin­
gle-round RT-PCR, both genogroup I strains were detectable 
to a dilution of only 10“ ,^ whereas by nested RT-PCR, the 
samples were positive at dilutions of 10"“^ and 10'^. All three 
samples containing genogroup II strains were positive at a 
dilution of 10~^ by single-round RT-PCR but could be de­
tected at dilutions from 10“"^ to 10“  ^by nested RT-PCR. Thus, 
significant increases in titer were demonstrated by the nested 
procedure for all five strains, demonstrating that the nested 
RT-PCR gives a higher sensitivity of detection for both geno­
group I and genogroup II strains in fecal samples. Previous 
studies (12, 13) have shown the potent inhibitory potential of 
molluscan shellfish extracts for RT and/or Taq polymerase 
enzymes used in the RT-PCR assay. The sensitivities of the 
sinde-round and nested RT-PCRs were compared for the de­
tection of SRSV in the presence of shellfish meat. Commer­
cially produced oysters (C. gigas) were processed as previously 
described (12) to the purified shellfish concentrate stage. Seed­
ing experiments were then performed by adding 50 pi of SRSV 
(Mexico strain) fecal extract dilution to 350 pi of either shell­
fish concentrate (equivalent to 7 g of shellfish meat) or PBSa 
prior to nucleic acid extraction as previously described (12). 
Experiments were conducted with SRSV fecal extract dilu-
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j-------Strain 4
'-------Strain 21
-Strain 10
-Strain 12
Strain 11
Strain 16
Strain 13
Strain 14
Strain 15
r t
Genogroup II
Hawaii Viras 
- Snow Mountain Agent 
.Strain 19
Strain 20
• Mexico Viras 
Strain 18
Strain 17 
Melkstiam viras
• Southampton Virus
■ Strain 9 
Strain 6
■ Strain 8
■ Strain 5 
Strain 1
Genogroup I
strain 2 
—  Desert Shield Virus 
-— Norwalk Virus 
j — Strain 7 
I —Strain 3
TABLE 2. Single-round and nested RT-PCR results for a panel 
of genomically representative genogroup I and II SRSVs
Result for":
Strain no.
designation Geno­
group
Direct
NI-E3
Nested
NI-E3
1 MPH/88/UK I Pos
2 B291/94/UK I Pos
3 Wînchester/94/UK I
4 6708/90/UK n Pos Pos
5 QA92/UK I Wk pos Pos
6 Haytread/89/UK I Wk pos
7 Blakemore/95/UK I
8 MaIta/95/Malta I
9 LordHanisCt/95/UK I
10 Sym Green/95/UK n Pos Pos
11 Grimsby/95/UK n
12 CMH/95/UK n Pos Pos
13 Pügrim/90/UK n Wkpos
14 SP630/90/UK II Pos Pos
15 Giriington/93/UK n Pos Pos
16 Wakefielà/95/UK n Pos Pos
17 Hniingdon/95/UK n Pos Pos
IS Stanroyd/94/UK II Pos Pos
19 BHM240/93/UK n Pos Pos
20 BHM132/94/UK. II Pos Pos
21 Creche/90/UK II Pos Pos
Total no. \ 13 15
“ A  positive (Pos) reaction was defined as an amplicon band of the correct size 
of intensity greater than or equal to that of the amplicon obtained with the 
positive control sample on an ethidium bromide-stained agarose gel. A  weak 
positive fWk pos) reaction was a visible band of the correct size but of weaker 
intensity than the positive control sample. Where no amplicon band was "/isibie, 
the result was negative.
5%
FIG. I. Phylogenetic analysis of strains used for evaluation of the nested 
RT-PCR assay. A  panel of 21 fecal samples which had been demonstrated to 
contain SRSV by electron microscopy was used in this study. The SRSVs had 
previously been characterized by RT-PCR and sequencing and were selected to 
reflect the broad range of diversity seen among strains detected in the UK in 
recent years. The phylogenetic analysis was performed on a 170-bp region of the 
RNA polymerase with the Clustal component of the Megalign program (DNAS- 
tar). Published sequences accessed from GenBank of Snow Mountain agent 
(L23831), Hawaii virus (U07611), Melksham virus, Mexico virus (U22498), 
Southampton virus (L07418), Desert Shield virus (U04469), and Norwalk virus 
(M87661) are also included. Branch lengths are indicated by the unbroken lines; 
dotted lines are used to provide a balanced display of the phyiogram and do not 
represent actual branch lengths.
tions (in PBSa) of 1:100,1:500, 1:1,000, 1:5,000, 1:10,000, and 
1:50,000. Sensitivities were compared for both nested and sin­
gle-round RT-PCRs (Fig. 2). A positive result was taken as the 
presence of a specific amplicon detected in an ethidium bro­
mide-stained agarose gel. When SRSV extracts were seeded 
into PBSa, the first round of the nested RT-PCR (G2-SM31) 
and the single-round (NI-E3) RT-PCR gave comparable re­
sults with amplicon bands visible to a 1:1,000 dilution of fecal 
extract (Fig. 2, gels A and B). The second round of the nested 
RT-PCR showed amplicon bands visible to a 1:10,000 dilution 
of fecal extract (Fig. 2, gel C), confirming the increased sensi­
tivity of the nested PCR previously observed. By contrast, 
when SRSV extracts were seeded into shellfish concentrates 
neither the first roimd of the nested RT-PCR (G2-SM31) nor 
the single-round (NI-E3) RT-PCR gave positive amplicon 
bands (Fig. 2, gels D and E). This confirms previous observa­
tions showing the inhibitory nature of shellfish for RT-PCR
(12). However, the second round of the nested RT-PCR gave 
amplicon bands at up to a 1:5,000 dilution of SRSV fecal 
extract seeded into shellfish concentrates (Fig. 2, gel F). The 
nested RT-PCR therefore achieved at least a 50-fold improve­
ment in sensitivity over that obtained with a single-round PCR 
when used to detect SRSV in shellfish extracts. This improve­
ment was only twofold less than the optimum observed when 
SRSV was seeded into PBSa rather than shellfish extracts. This 
data suggests that the nested RT-PCR not only is much more 
sensitive than the single-round RT-PCR for detecting SRSVs 
in shellfish extracts but also overcomes difficulties with the 
residual RT-PCR inhibitors left after the standard shellfish 
processing procedure.
Application of the nested RT-PCR for the detection of SRSV 
in field samples. Previous studies (14) have shown the difficulty 
often experienced in detecting SRSV-specific RT-PCR ampli-
TABLE 3. Endpoint titration of five fecal samples containing 
SRSVs and tested by the single-round and nested RT-PCRs
Strain no. Genogroup
RT-PCR titer (10"”)“
Single round Nested
5
10
15
18
- 4
-2
-5
—6
-5
" Titer, highest dilution of fecal sample which gave an amplicon of the correct 
size visible in an ethidium bromide-stained agarose gel following electrophoresis.
256
VOL. 64,1998 RT-PCR FOR DETECTION OF SRSVs IN’ SHELLFISH 861
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 
E
6  7  8
FIG. 2. Comparison of sensitivities of single-round and nested PCRs in the presence and absence of shellfish meat. A  fecal sample containing SRSV was diluted 
in PBSa (gels A  to C) and in purified shellfish concentrates (gels D  to F) prior to extraction and RT-PCR. In each gel, lanes are as follows: 1,1-kb molecular size marker; 
2,1:100 dilution of fecal sample; 3,1:500 dilution; 4,1:1,000 dilution; 5,1:5,000 dilution; 6,1:10,000 dilution: 7,1:50,000 dilution; 8, positive-control. Gels A  and D show 
products of a single-round RTtPCR; gels B and E  show single-round products from the nested RT-PCR; gels C and F show the nested RT-PCR second-round 
amplicons. Arrowheads denote positions of first-round and second (or single)-roimd PCR products.
cons in environmental and outbreak shellfish samples. RT- 
PCR amplicons were frequently visible only through the added 
sensitivity of Southern blot hybridization and were of insuffi­
cient quantity for further characterization of the detected 
SRSV strain(s) by sequencing. The nested RT-PCR was fur­
ther evaluated by using environmental and outbreak shellfish 
samples previously found to be only weakly positive by single- 
round RT-PCR in order to establish its performance with field 
material. Figure 3 shows the analysis by both single-round and 
nested RT-PCRs of three shellfish samples from polluted har­
vesting areas and two shellfish samples associated with food 
poisoning outbreaks. SRSV-specific amplicons were not visible 
by gel electrophoresis in any sample following single-round 
RT-PCR. However, all samples gave positive bands by nested 
RT-PCR. This shows that, for all the field material tested, the 
nested RT-PCR was more sensitive or less susceptible to inhi­
bition than the single-round RT-PCR. Moreover, nested RT- 
PCR amplicon bands were suitable for further characteriza­
tion.
Detection of SRSVs during commercial shellfish produc­
tion. The nested RT-PCR procedure was applied to detection 
of SRSVs in commercially produced shellfish. Applications for 
commercial production included evaluation of the effective­
ness of the RT-PCR for detection of virus contamination in 
end-product shellfish sold to the consumer and of the effec­
tiveness of commercial shellfish purification for removal of 
SRSVs. These studies were performed with oysters (C. gigas)
purified in a commercial processing plant associated with out­
breaks of infectious disease during February and March 1996. 
End-product monitoring of oysters from this particular plant 
during this period proved valuable for demonstrating batches 
contaminated with SRSVs. Figure 4 shows SRSVs detected by 
RT-PCR in three of four samples tested during March 1996 
but not in samples taken during April and June. These findings 
were consistent with epidemiological data showing that shell­
fish-associated outbreaks of infectious disease occtu predom­
inantly during the winter months (22). Further monitoring of 
shellfish for SRSVs before and after purification during this 
period clearly showed that, although the SRSV titers were 
reduced during purification (as judged by RT-PCR band in­
tensity), virus was not always completely cleared by this com­
mercial processing (Fig. 5).
DISCUSSION
This report describes the successful development of a nested 
RT-PCR for detection of SRSVs in molluscan shellfish.
The procedure was first evaluated by using a panel of well- 
characterized strains which represented the diversity of SRSVs 
detected in the last 9 years in the UK and consequently those 
that might be anticipated to be detected in shellfish. This 
showed that the nested RT-PCR assay detected a broader 
range of SRSVs than did the single-round RT-PCR previously 
described (6). The nested RT-PCR detected 3 of 8 genogroup
D
1 2 3 4 5  1 2 3 4 5  1 2 3 4 5  1 2 3 4 5
FIG. 3. Application of aesied PCR to neicl samples. Gels A  to C show RT-PCR results for shellfish samples from three contaminated harvesting areas; gels D and 
E show results for samples implicated in two outbreaks of gastroenteritis. Lanes are as follows: 1, molecular weight markers; 2, single-round RT-PCR products; 3, nested 
RT-PCR first-round products; 4, nested RT-PCR second-round products; 5, nested RT-PCR-positive control. Arrowheads denote positions of first-round and second 
(or singie)-round PCR products.
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FIG. 4. Application of nested RT-PCR for detecting SRSV in oysters sold for 
consumption. Products from a commercial shellfish supplier associated with 
gastroenteritis incidents were tested for SRSVs. Lanes: 1, 1-kb molecular size 
marker; 2, result for shellfish dated 8 March 1996; 3, result for shellfish dated 14 
March 1996: 4, result for shellfish dated 22 March 1996; 5, result for shellfish 
dated 29 March 1996; 6, result for shellfish dated 26 April 1996; 7, result for 
shellfish dated 7 June 1996; 8, nested RT-PCR-positive control. The arrowhead 
denotes the position of the nested PCR product.
I sti'ains and 12 of 13 genogroup J3 strains, and although ideally 
the RT-PCR would detect all strains, a catchall primer pair has 
not, to date, been identified due to the extensive genomic di­
versity among SRSVs. Recent data have shown that genogroup
II strains have predominated in recent years (8), and the 
nested RT-PCR assay detects the vast majority of these strains.
Comparisons of sensitivities of detection between the single- 
round and nested RT-PCRs were performed with five fecal 
samples containing genomically distinct SRSVs. Again, due to 
the genomic diversity among SRSVs, the primer pairs used 
may contain mismatches with certain strains which may de­
crease the sensitivity of detection for these strains. Tims, it is 
necessary to determine the sensitivity of the assay by using a 
range of strains. This investigation indicated that the nested 
RT-PCR, as with the single-round RT-PCR, had differing sen­
sitivities for genogroup I and genogroup II strains. However, 
there was a significant increase in the sensitivity of detection 
(10^- to IQTfold) for all strains tested. Seeding experiments 
demonstrated that the nested RT-PCR was also significantly 
more sensitive for SRSV detection in processed shellfish ex­
tracts and overcame the residual PCR inhibition frequently 
associated with such extracts. Application to a panel of shell­
fish samples from polluted harvesting areas and associated 
with outbreaks of infectious disease clearly demonstrated the 
value of the nested RT-PCR for field samples. The nested 
RT-PCR assay again showed a greater sensitivity and a
SCO i t
::W:
1 2  3 5 6 7
FIG. 5. Eirea of shellfish purification on SRSV content. Shellfish were tested 
by RT-PCR before and after commercial purification. Lanes: 1, 1-kb molecular 
size marker, 2, batch dated 29 March 1996 before purification: 3, that iwtch after 
purification: 4, batch dated 22 February 1996 before purification; 5, that batch 
after purification: 6, batch dated 14 March 1996 before purification; 7, that batch 
after purification; 8, nested RT-PCR-positive control. Tlie arrowhead denotes 
the position of the nested PCR product.
decreased susceptibility to inhibitory substances in shellfish 
meats, thus overcoming the limitations previously experienced 
with a single-round RT-PCR (14).
This procedure was also applied to monitoring aspects of 
commercial shellfish production. The nested RT-PCR proved 
capable of detecting SRSVs in processed shellfish sold for 
consumption from a commercial supplier associated with inci­
dents of gastroenteritis due to oyster consumption. Further 
monitoring showed that, although the commercial purification 
routinely applied to these oysters appeared to reduce virus 
content, SRSVs were not reliably eliminated. These findings 
concur well with the available epidemiological evidence on 
oyster contamination with SRSVs. The nested RT-PCR should 
prove valuable for further studies on the behavior of SRSVs 
during commercial processes such as purification and relaying. 
In addition, the procedure has applications for monitoring 
shellfish harvesting areas at risk of contamination with SRSVs, 
for investigation of SRSV contamination in the products of 
shellfish producers associated with outbreaks, and for direct 
investigation of shellfish causing illness. The assay may also 
have potential applications in other areas of environmental 
monitoring, including the detection of SRSVs in sewage, wa­
ters, and foodstuffs other than shellfish.
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ABSTRACT
This study investigates human enteric virus contamination of a shellfish harvesting area. Samples were 
analysed over a 14-month period for Small Round Structured Viruses (SRSVs) using a previously developed 
nested RT-PCR. A clear seasonal difference was observed with the largest numbers of positive samples 
obtained during the winter period (October to March). This data concurs with the known winter association 
of gastroenteric illness due to oyster consumption in the UK and also with the majority of the outbreaks 
associated with shellfish harvested from this area during the study period. RT-PCR positive amplicons were 
further characterised by cloning and sequencing. Sequence analysis of the positive samples identified eleven 
SRSV strains, of both Genogroup I  and Genogroup II, occurring throughout the study period. Many shellfish 
samples contained a mixture of strains with a few samples containing up to three different strains with both 
Genogroups represented. The observed common occurrence of strain mixtures may have implications for the 
foie of shellfish as a vector for dissemination of SRSV strains. These results show that nested RT-PCR can 
identify SRSV contamination in shellfish harvesting areas. Virus monitoring of shellfish harvesting areas by 
specialist laboratories using RT-PCR is a possible approach to combating the transmission of SRSVs by 
molluscan shellfish and could potentially offer significantly enhanced levels of public health protection. ©
1998 lAW Q Published by Elsevier Science Ltd. All rights reserved
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INTRODUCTION
Increasing evidence suggests that SRSVs are a significant cause of gastroenteritis in the adult population 
(Caul, 1996). Although person-to-person transmission probably accounts for the bulk of cases, spread by the 
faecal-oral route through food or water vectors is likely to be important in the further dissemination of these 
viruses into vulnerable populations. Preventing such index cases may prove significant in combating this 
cause df adult gastroenteritis. Transmission of SRSVs through consumption of molluscan shellfish faecally 
contaminated in the marine environment is well documented. In developed countries many marine water 
sources used for shellfisheries and recreational purposes are faecally polluted to some extent. Legislative 
controls for such areas, based on conventional bacterial indicators, have failed to prevent illness outbreaks
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associated with molluscan shellfish (Kohn et a l, 1995). Monitoring shellfish harvesting areas for SRSV 
contamination may provide an alternative approach for more effective public health controls. We describe 
the application of a previously developed nested SRSV RT-PCR (Lees et a l, 1995; Green et a l, 1998) for 
monitoring viral contamination in an oyster harvesting area over a one year period. The harvesting area was 
affected by several sewage discharges, was classified as Category B under EC legislation and had previously 
been implicated in outbreaks of viral gastroenteritis. All oysters harvested from this area were purified 
(depurated) before sale for consumption. Following amplification SRSV RT-PCR positive amplicons were 
characterised by cloning and sequence analysis to gain information about the prevalence and diversity of 
SRSV strains contaminating this shellfishery. The public health significance of these findings is discussed in 
relation to the potential of this approach for more effective control of shellfish associated viral- 
gastroenteritis.
MATERIALS AND METHODS
Harvesting area studies - samples of 24 oysters were obtained from a commercial producer both before and 
after depuration on a 1-2 week basis. All samples were received in the laboratory within 48h. On receipt, 10 
oysters were assayed for E coli using standard methods and the remaining oysters frozen at -20°C for 
subsequent analysis for SRSVs.
Shellfish processing, virus extraction and purification, and extraction o f viral RNA - these procedures have 
previously been described in full (Lees et a l, 1994).
Nested SRSV RT-PCR - this method and its application to shellfish samples has been fully described 
previously (Lees et a l, 1995; Green et a l, 1998). Essentially, the nested RT-PCR uses three primers in the 
first round amplification and two Genogroup specific primer sets in the nested PCR. They are known to 
detect approximately 90% of the SRSVs currently circulating in the UK.
Cloning and sequencing - all RT-PCR positive amplicons were separated from unincorporated 
oligonucleotide primers and nucleotides using Chromaspin 100 columns (Clontech Laboratories Inc) ligated 
into a pGem vector and transformed (pGem-T Vector System, Promega). Colonies from each sample were 
screened for inserts using colony PCR. A minimum of five positive clones from each sample were further 
purified using microsep 30k columns (Filtron Technology Corporation, MA) and both DNA strands 
sequenced using the ABI PRISM™ dye terminator cycle sequencing system (Perkin Elmer) and analysed on 
an ABI 310 genetic analyser.
Sequence analysis - sequence data analysis was performed using the MegaAlign and EditSeq components of 
the Lasergene software (DNAStar, London UK).
RESULTS
Table 1 tabulates E coli and SRSV results for all samples tested in this survey. Whilst high levels of E coli 
were present in the majority of oysters sampled before depuration all samples were subsequently found to 
contain E coli levels below the end-product standard of <230/1OOg following depuration. By contrast SRSVs 
were found to be present in oysters both before (56% positive) and after (38% positive) depuration. This data 
is consistent with previous observations from viral gastroenteritis outbreaks showing the inadequacy of E 
coli as an indicator of the presence of viral contamination in depurated shellfish.
Figure 1 shows SRSV RT-PCR results for samples taken throughout the study period presented 
chronologically together with the known outbreaks of gastroenteric food poisoning associated with oysters 
from this harvesting area during the study period. A clear seasonal difference can be observed in numbers of 
SRSV positive oysters with the largest numbers of positive samples (73%) obtained during the winter period 
(October-March inclusive). This data concurs with the known winter association of gastroenteric illness due 
to oyster consumption in the UK and also with the majority of the outbreaks associated with shellfish 
harvested from this area during the study period (Figure 1), It is also noticeable that, for the most part,
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SRSVs would have been detectable in the harvesting area prior to an outbreak suggesting that timely 
monitoring could provide an additional approach to public health controls.
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Figure 1. SRSV RT-PCR results throughout study period and occurrence of illness outbreaks associated with
oysters from study area.
Table 1. Summary of £  coli and SRSV results during study period
Before depuration After depuration
Date Ecoli RT-PCR Confirmed* Date E coli RT-PCR Confirmed*
1995
08 Aug 2,400 + Ongoing 08 Aug <20 -
15 Aug >18,000 + Ongoing 17 Aug <20 -
22 Aug >18,000 - 24 Aug <20 -
30 Aug 2,400 - 01 Sep <20 -
13 Sep 3,100 - 15 Sep <20 -
26 Sep 220 + Yes 28 Sep <20 -
10 Oct 2,400 - 13 Oct <20 -
24 Oct 5,400 -  ' 26 Oct <20 -
07 Nov 5,400 - 09 Nov <20 -
21 Nov 1,100 - 28 Nov <20 -
1996
09 Jan 1,100 + Yes 12 Jan <20 + To be done
16 Jan 110 -f Ongoing 18 Jan 70 + Yes
23 Jan 200 + Yes 25 Jan 20 + Yes
31 Jan 10 + To be done 02 Feb <20 + Yes
06 Feb 500 + Yes 08 Feb <20 + Yes
14 Feb 700 - 16 Feb <20 -
20 Feb 500 + Yes 22 Feb <20 + Yes
28 Feb 110 + Yes 01 Mar <20 + Yes
06 Mar 5,400 + Yes 08 Mar 150 + Ongoing
12 Mar 750 -f- Yes 14 Mar 90 -
19 Mar 310 + Yes 22 Mar <20 •f Yes
27 Mar <20 -f Yes 29 Mar <20 + Yes
16 Apr 1,300 -f- Yes 18 Apr <20 -
30 Apr 1,300 - 02 May <20 -
05 Jun <20 - 07 Jun <20 -
18 Jun 230 - 20 Jun <20 -
16Jul <20 19Jul <20 -
13 Aug 22,000 - 15 Aug <20 -
03 Sep 310 - 05 Sep <20 -
17 Sep 220 4- To be done 19 Sep <20 -
01 Oct <20 + To be done 04 Oct <20 + To be done
16 Oct 70 + To be done 18 Oct <20 + To be done
c^onfirmed by sequence analysis
54 K. HENSHILWOOD et al.
Of the SRSV positive samples during the winter period, virus was successfully eliminated from only two 
samples during depuration with 63% of samples remaining positive. This concurs with evidence from  many 
outbreaks showing that although bacterial indicators can be removed by depuration human enteric viruses 
are more problematical. By contrast to the winter period the prevalence of SRSVs in oysters was 
considerably lower in the summer period (April-September inclusive) with only 31% of samples containing 
SRSVs. Interestingly depuration also appeared to be more efficient during the summer with SRSVs being 
successfully eliminated from all four SRSV positive samples following depuration (Table I). This is a novel 
finding which has potential significance for further studies on virus elimination during depuration.
PCR positive amplicons generated during this study were cloned and sequenced to investigate fiirther the 
type and diversity of strains contaminating oysters. Of the samples completed to date those confirmed as 
SRSV sequence (the large majority) are shown in Table 1. Some samples are still under analysis. Difficulties 
are mostly associated with obtaining sufficient template DNA for sequencing when virus levels in shellfish 
are low. Of the 23 SRSV RT-PCR positive samples analysed between September 1995 and April 1996 about 
80% have currently been confirmed by sequence analysis as SRSV. Sequence from these confirmed 
positives has been further analysed to investigate the type and diversity of SRSV strains. Sequence 
comparison using MegaAlign pileup of the 32 sequenced isolates showed isolates could be subdivided into 
groups sharing genetic relationship. Eleven unique strains were identified with homology at the nucleotide 
level of 90% or more. These strain relationships are illustrated in Figure 2.
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Figure 2. Phylogenetic tree showing relationships between SRSV isolates and published sequences. [The 
phylogenetic tree and divergence/similarity plot was generated using the Clustal V  algorithm within MegAlign 
(DNA Star Inc). The tree is based on the alignment of approximately 80 nucleotides within the RNA polymerase 
excluding PCR primers. The dendrogram shows the genetic relationships of 11 SRSV representative strains. Branch 
lengths are indicated by the unbroken lines. The dotted lines are used to provide a balanced display of the 
phyiogram and do not represent actual branch lengths.]
Alignment comparison with published sequences enabled determination of strain Genogroup (GI or GII) 
and, in some cases, provided an identification. Some strains could not be identified to the 90% or greater 
level of identity suggesting that other less common strains were also in circulation. Some strains were 
isolated more frequently than others. Genogroup H stain number 10 in particular, was isolated from many of 
the positive samples. It was also noticeable that many samples contained more than one SRSV strain often
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with a mix of Genogroups (data not shown). Three samples contained both a Genogroup n  strain and two 
different Genogroup I strains. Of the samples analysed Genogroup I strains were more prevalent than 
Genogroup II strains although 42% of samples contained a mixture of both Genogroups. It was also 
noticeable that depuration affected the distribution of strains with only 17% of samples post-depuration 
containing both Genogroups. These results suggest this harvesting area was contaminated with a variety of 
SRSV strains during the study period with, sometimes, many different strains occurring during a fairly short 
time period. Some strains were isolated periodically throughout the study period whereas others represented 
a single isolation.
DISCUSSION
This study investigates, for the first time, the feasibility of applying molecular techniques to the monitoring 
of SRSV contamination in a shellfish harvested area. We show that in the chosen study area many samples 
were positive for SRSVs, particularly during the winter months, and furthermore that many shellfish samples 
contained a mixture of SRSV strains. A few samples contained up to three different strains representing both 
Genogroups. Although mixtures of SRSV strain genogroups in shellfish associated outbreaks has been 
previously reported (Sugieda et a l, 1996), it is perhaps suprising to find this such a common occurrence in 
this study. These results may have implications for the importance of shellfish as a vector for the 
dissemination of SRSV strains into the community. It is interesting to note that, following depuration, fewer 
samples contained a mixture of strains suggesting at least partial removal of SRSVs during depuration. Our 
data also suggest that SRSV removal during depuration may be more effective during the summer months. 
This finding has significance for future studies on virus removal during depuration.
Characterisation of contaminating SRSV strains by sequencing showed that virus strains differ in their 
persistence in the harvesting area. Some strains were isolated on only one occasion whereas others were 
isolated on many occasions throughout the study period. Strain 10 in particular was repeatedly isolated over 
at least a 4-month period. It is not clear from this study whether such strains persist in shellfish following an 
initial contamination event or whether they are repeatedly seeded into the harvesting area from sewage 
discharges. It would be interesting to correlate SRSV episodes in the community with contamination of 
harvesting areas to investigate this further. Our results showed that SRSV contamination in this harvesting 
area followed a clear seasonal trend. This correlates both with known outbreaks from the study harvesting 
area and with the known winter seasonality of illness from shellfish associated outbreaks in the UK.
In conclusion these results show that nested RT-PCR can identify virus contamination in shellfish harvesting 
areas. Virus monitoring of shellfish harvesting areas by specialist laboratories using RT-PCR is a possible 
new approach to combating the transmission of SRSVs by molluscan shellfish and this approach could 
potentially provide significantly enhanced levels of public health protection.
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